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Introduction
In recent years energy conservation has become one of the most discussed and investigated
subjects. In this direction many research works have been devoted to the design of new
artiﬁcial lighting emitters with increased eﬃciencies. In fact, in most public, working
and living places, artiﬁcial lighting is also used during daily hours. Therefore, even a
small reduction of the presently large consumption of energetic resources could provide
signiﬁcant savings from both the economical and the ecological points of view. For these
reasons, there is currently a great deal of interest in the development of simple and
compact sources of visible radiation. The possible impact that an eﬃcient, inexpensive
and reliable visible source would have on display technology, optical processing and market
has provided the stimulus for a great deal of work on new visible emitters.
At the present time, most light sources are incandescent lamps. Relatively recently
new kinds of white light sources have been developed: light-emitting diodes (LED), or-
ganic light-emitting diodes (OLED) and devices based on the emission of nano crystals or
nano particles inside particular hosts. Breakthroughs in LED and OLED technology are
promoting advances in solid-state lighting (SSL) devices. Once used only for indicator
lights, SSL technology is now replacing conventional technologies in traﬃc lights, exit
signs, airplane taxiway edge lights, and other speciality applications (Bro07). Today SSL
are expected to replace conventional technologies such as incandescent and ﬂuorescent
lighting. To achieve high-eﬃcient white light devices, requires an increase in the eﬃ-
ciency of light extraction and improved stability and the range of colors available. These
are the major reasons why the study of spectroscopic and emission analysis of new mate-
rials with visible light emission is very attractive. The search for ever more eﬃcient and
usable materials is still open.
2 Introduction
In order to create a new and eﬃcient visible emitter not only incoherent sources have
been taken into account but also coherent ones. In particular, with the development of
laser diodes (LDs) of suitable wavelength, highly eﬃcient and compact diode-pumped
solid-state lasers (DPSSLs) could be realized. In this case, to obtain white light emission
it is necessary to mix diﬀerent monochromatic radiation beams (blue, red and green).
Since the trivalent Praseodymium ion (Pr3+) oﬀers several transitions in the visible
spectral range from blue to near IR, it is suitable both for incoherent white light emission
and for visible laser emission.
Direct pumping of Pr3+-lasers operating at room temperature has been realized with
Ar-ion lasers or with the radiation obtained by intracavity SHG (second harmonic gener-
ation) of a Nd3+:Y3Al5O12 laser [San94b, Heu99]. These pumping systems did not match
the absorption lines of Pr3+ well and with respect to laser emission, resulted in moderate
eﬃciencies. Suitable laser diodes based on GaN, emitting in the blue spectral region, have
been commercially available since 2003. Since then the investigation of new Pr-doped laser
materials pumped with a blue laser diode has increased.
During my Ph.D. work I investigated the Pr3+ ions in diﬀerent ﬂuoride crystal hosts for
white light emission and in a 1.25 % Pr3+:BaY2F8 sample for its laser emission at 460 nm
(red emission). The crystals studied were grown at the Pisa University in the NMLA (New
Materials for Laser Application), where their ﬂuorescence emission and their chromatic
characterization were also investigated. The laser emission experiment was performed at
PHILIPS laboratories in Aachen (Germany).
This thesis describes a series of experiments aimed to investigate the chromatic prop-
erties of emitted radiation of diﬀerent ﬂuoride crystals (BaY2F8, KYF4, KY3F10 and
LiLuF4) single doped with Pr3+ at various nominal doping concentration and the red
laser emission of a 1.25% Pr3+:BaY2F8 crystal. We selected these host materials since ﬂu-
orides are relatively hard, are not hygroscopic and not prone to aging problems therefore
they possess a virtually unlimited lifetime.
In chapter 1 I will present the state of the art on white light emission describing the
main methods used in lighting and display applications.
In chapter 2 I will introduce the fundamental concepts of the chromatic theory for the
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description of white light emitting source, and then, I will review the basic features of
rare earth ions and their decay processes.
I provide an overview in chapter 3 of the diﬀerent experimental set-ups that have been
used in Pisa for the chromatic characterization of the diﬀerent crystals. I also show here,
the main features of the crystals on which we performed our measurements.
Chapter 4 deals with the spectroscopic analysis of the BaY2F8 , LiLuF4 ,KY3F10 and
KYF4 crystal doped with Pr3+ ions. The spectroscopic measurements were devoted to
perform the chromatic characterization of each sample.
The spectroscopic investigations to calculate the intrinsic eﬃciency of the emitters are
presented in chapter 5.
Chapter 6 is totaly dedicated to the laser emission measurement performed at PHILIPS
laboratories. It will concern the pump laser source characterization and the investigation
of the best cavity set-up to improve the emitted light intensity. The obtained red laser is
also characterized in its optical and power aspects. The ﬁrst part of this chapter represents
a short introduction to the general theory of laser oscillations and provides the formulae
used to describe the laser experiments.
At the end a summary of this work and future developments are presented.
The formulae to pass from the non-uniform to the uniform color space (CIELAV and
CIELUV) are brieﬂy described in App. A.
In App. B I present the methods used for the calculus of the Correlated Color Tem-
perature (CCT).
In App. C I provide a description of the laser beam geometrical features inside a
plane-concave laser cavity, focusing on the optimization of the overlap between the pump
and the laser beams inside the active medium.

Chapter 1
Solid state visible light emitters
In order to help explain the motivations behind the experimental research presented in this
thesis, I will give a brief overview on solid state visible emitters. In this chapter a review
of the history of lighting sources based on pyroluminescence, electricity and ﬂuorescence
is reported (Shu05). I will also describe the state of the art concerning solid state sources:
LEDs and OLEDs. A brief historical overview of the red Praseodymium laser emission is
presented in Chapter 6.
1.1 Lighting source history
Natural light comes from the sun. The solar spectrum includes not only the visible light
(with wavelengths from 0.38 to 0.78 µm) but also UV light and infrared radiation. The
ideal lighting source should be close to sunlight's spectrum. The main technologies for
white light production have been three: pyroluminescence, electricity and ﬂuorescence.
Up to the beginning of the 19th century, artiﬁcial light was produced by pyrolumines-
cence, which is due to radiative transitions in excited atoms and ions, recombination of
ions to form molecules, and incandescence of solid particles in the ﬂame. For thousands
of years torches (made of vegetables treated with ﬂammable substances-pitch, wax, resin,
tallow, oil, etc.) were the only artiﬁcial sources of light. Ami Agrand of Geneva invented
an oil lamp with a tubular wick placed within two concentric tubes and a glass chimney
around the burner. These sources have a black-body emission spectrum, but since their
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temperature is very low the emission peak is always in the IR region. This leads to a very
low eﬃciency in the visible spectrum region.
Gas lighting was introduced by William Murdoch in 1772. In 1826, Thomas Drum-
mond invented the ﬁrst crystalline lighting device (called the limelight) based on cando-
luminescence, emission in excess of blackbody incandescence due to thermal excitation
of ions (discovered in 1820 by Goldsworthy Gurney). The device consisted of a cylinder
of lime (calcium oxide), which was brought to a state of dazzling brilliancy by the ﬂame
of an oxyhydrogen blowpipe. Also in this case the eﬃciency was very low. This kind of
source was applied only in theater and in street lighting.
Thanks to the invention of a continuous-current generator (dynamo machine) by Z.
T. Gramme (1870s), in 1876 Paul Jablochkoﬀ demonstrated the ﬁrst practical electric
lighting device. This happened two centuries after the eﬀect of the luminous discharge
of static electricity in mercury vapor was discovered. In 1879 Swan demonstrated an
incandescent lamp (British patents nos. 18 and 250 of 1880) but a couple of months
later, Edison demonstrated his devices and obtained a patent for a ﬁlament lamp (U.S.
patent no. 223 898 of 1879). In 1903, the tungsten ﬁlament was invented by A. Just and
F. Hanaman. At present, tungsten incandescent lamps provide most of the residential
lighting. In this process higher temperatures are obtained and the emission peak shifts to
shorter wavelength increasing the visible light emitted. In this way the eﬃciency is higher
than that obtained by the pyroluminescence.
In 1900, Peter Cooper Hewitt patented the mercury vapor lamp, and in 1938, GE
and Westinghouse Electric Corporation introduced new colored and white low-pressure
mercury discharge lamps with the inside of the tube coated with a phosphor powder. The
ﬂuorescent lamp employs photoluminescence excited by UV emission of mercury (at least
50 lm/W ) and is much more eﬃcient than the incandescent lamp (16 lm/W ) (dti06).
1.2 Solid state light sources
The ﬁrst solid sate source based on the electroluminescence processes has been presented
in 1907 by H. J. Round. He discovered electroluminescence in a silicon carbide semicon-
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ductor, but his explanation of the process was completely wrong. About 60 years later by
N. Holonyak, Jr. and S. F. Bevacqua presented a p-n junction emitter of visible (red) light
(Hol62). LEDs with the eﬃciency exceeding that of ﬁltered incandescent lamps (high-
brightness LEDs) were developed based on double heterostructures proposed by Kroemer
(Kro63).
From then on, many diﬀerent solid state sources consisting of diﬀerent materials have
been proposed. The main ones are: LED (Light Emitting Diode), OLED (Organic Light
Emitting Diode) and devices based on the emission of nano-crystal and nano-powder
dispersed in diﬀerent materials. Breakthroughs in light-emitted diode (LED) and organic
light-emitted diode (OLED) technology are catalyzing advances in solid state lighting
(SSL) devices. SSL technology is now replacing conventional technologies in traﬃc lights,
exit signs, airplane taxiway edge lights, and other application. SSL has the potential to
more than double the eﬃciency of general lighting systems in the coming decades, making
it the best option for reducing energy consumption (Bro07; Kra07).
In any case this research ﬁeld is always progressing and producing every day new
materials and new device designs. A graph of the development of the solid state sources
is reported in ﬁg. 1.1.
1.2.1 LED
The LED consists of a chip of semiconducting material impregnated, or doped, with
impurities to create a p-n junction. The light emission is produced by the electron-
hole recombination across the gap between conduction (CB) and valence bands (VB) for
inorganic semiconductors. The wavelength of the light emitted, and therefore its color,
depends on the band gap energy of the materials forming the p-n junction. This is a
monochromatic emission not useful for general lighting applications. Three methods are
usually used to create white LED sources (Ste05) (ﬁg. 1.2):
• Color mixing : mixing the output from three RGB (red green and blue) LEDs. The
color mixing approach has the advantage of highest maximum luminous eﬃciency
of 150 lm/W (no conversion loss) (dti06). However, the absence of eﬃcient LEDs
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Figure 1.1: The evolution of total eﬃcacy of solid-state lighting technologies (A08).
in the green region of the spectrum currently limits this approach. This is the most
expensive option since it requires the use of three LEDs per lamp. Also, because
the three or more diﬀerent color components have diﬀerent voltage requirements,
diﬀerent degradation characteristics and diﬀerent temperature dependencies, a so-
phisticated color system balance might be required.
• Partial color conversion: a blue pump source is partially phosphor-converted to yel-
low. The remaining unconverted blue pump light is transmitted through the phos-
phor and combines with the yellow-converted light to form white light (Mat02). The
blue LED plus phosphor strategy has the shortest time line for commercialization.
Companies as Nichia, CREE, and others, already have demonstrated white light
generation by using a blue LED and a single phosphor (YAG:Ce). Part of the blue
light emitted by the LED escapes and an other part is converted by the phosphor
to an amber color that is the complimentary color of the blue light emitted by the
LED. With this approach two main problems arise: the halo eﬀect and the low level
of absorption of blue light by the phosphor. The ﬁrst, relative to the multicolor
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no-white perception of the light by an observer, occurs because the light from the
blue LED is directional while the amber light from the phosphor radiates over a 2pi
solid angle.
• Complete color conversion: the output from a single UV or violet LED is completely
absorbed and converted by two or more phosphors to white light. In this case many
ﬂuorescent materials and complex doping schemes have to be used (Yan05; Yan06).
High color rendering indices, similar to ﬂuorescent lamps, can be realized. Since the
UV light is not used directly, as the blue pump radiation in the partial conversion,
the UV source eﬃciency has to compensate the conversion losses.
Figure 1.2: Three main approaches to solid-state lighting (Ste05).
1.2.2 OLED
The ﬁrst demonstration for OLED lighting regarded the green OLED and was reported
by Kodak in 1987. The dopant-based green and red OLEDs were presented in 1989
(Tan87; Tan89). The possibility of producing a ﬂat large area lighting panel with a cheap
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and simple process will enable novel products and new ﬁelds of application. Due to their
high contrast ratio, their color gamut and ﬂexibility the OLED technology is especially
useful in the display development. In the last period their application in the lighting ﬁeld
has been investigated.
White light-emitting OLEDs can be generated by four approaches (ﬁg. 1.3) (Kru29):
• A single white emitting stack where the white emission is achieved by using a com-
bination of diﬀerent emissive components providing red, green, and blue light from
a single emitting layer. With this approach building the device is easy but tuning
the color without aﬀecting device performance becomes a diﬃcult task (ﬁg. 1.3-1)
(Sly00; Hut99).
• A vertical red-green-blue (RGB) stack where the output spectrum of such a device is
determined by the three light emitting components. This device architecture leads
to color homogeneity over the active area but relies on complex processing methods
(ﬁg. 1.3-2) (She01; Yan05).
• A horizontal RGB stack where the output spectrum of the horizontal stack can
be changed while operating the device when addressing the patterns separately.
Compared with the vertical conﬁguration the three color are spatially separated.
Consequently, the emitted light is not so homogeneous (ﬁg. 1.3-3).
• A single color emitting OLED in combination with a conversion layer. This approach
can be implemented by easy fabrication techniques and can provide better color
stability as the aging rate is determined by only one emitter. White light-emitting
devices by the means of luminescence conversion based on an inorganic blue light
emitting LED and conversion by phosphor were ﬁrst published by Schlotter et al.
(Sch97) (ﬁg. 1.3-4).
The principal problem of OLED devices is related to their cost and their insuﬃ-
cient operating lifetime. There are several problems that limit their useful lifetime:
reaction with the ambient (oxygen, CO2 and moisture); electrochemical degrada-
tion (reduction or oxidation); and spontaneous statistical conversions/decay of the
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charged species and exciton. Finally, emitters of diﬀerent color age with diﬀerent
rates, which means that the quality of white light will deteriorate with time.
In the last years, the hybrid Inorganic/Organic (I/O) approach has been proposed
(Ste05). This technology combines high power, long lifetime inorganic LEDs with
organic lumophores that have very high photon conversion eﬃciency, adjustable
emission color, can be easily deposited over large areas, and are very low cost.
Figure 1.3: Four main approaches to OLED production (Kru29).
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1.2.3 Light sources based on Up-Conversion process
The technology of visible light sources based on frequency up-conversion of infrared-to-
visible light in rare earth doped materials has been revisited recently with the development
of powerful 980 nm lasers. The materials investigated are usually doped with Yb3+ as
an absorber and donor ion and an acceptor or emitter ion: erbium (Er3+), holmium
(Ho3+) or Thulium (Tm3+). The eﬃciency of the visible light produced with this method
showed that Up-Conversion technology is a realistic alternative to the existing display
technologies. A major beneﬁt to using this process is the ability to operate displays
at very high-brightness without degradation of the emitting materials. Also the low
energy pump photons do not produce damage in the up-conversion materials. In this ﬁeld
Prof. Micheal Bass proposed the emission of white light from powders of ﬂuoride crystal
(NaFY4, KY3F10 and YF3) doped with rare earth and dispersed in a polymer (PMMA)
(Bas02; Bas03; Bas05). The beneﬁt to using crystal powders is that they can be mixed
in any proportion without modifying their individual properties. However if the infrared
pump increases the eﬃciency of the system, the up-conversion transfer eﬃciency represent
the eﬃciency limit of the device.
Chapter 2
Theoretical background
In this chapter I will describe the most important theoretical features concerning the color
deﬁnition and the rare earth ions useful for this thesis. A brief review of laser theory is
introduced in Chapter 6. The ﬁrst section of this chapter will concern the theory for
the chromatic characterization of a light source: color deﬁnition, human eye view and
units. In the second section, the background theory of rare earth ions in crystals will be
presented. All the results regarding the general features of rare earth ions are based on
the works of Refs. (H78; Die68; Bet29). The chromatic theory is in reference to the CIE
(Commission Internationale de l'Enclairage) published parameters, to Handbook of Optics
I (Bra95) and to Handbook of Optics III (Pal01).
2.1 Characterization of visible sources
2.1.1 Useful notation and units on Radiometry and Photometry
In reference (Pal01) it is possible to ﬁnd an in depth description of the principles of
radiometry and photometry. In this subsection we will introduce only the deﬁnitions and
the units useful for the present work.
Radiometry
Radiometry is the measurement of optical radiation, deﬁned as electromagnetic radi-
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ation within the frequency range 3 × 1011 to 3 × 1016 Hz. This range corresponds to
wavelengths between 0.01 to 1000 micrometers (µm) and includes the ultraviolet, visible
and infrared regions. The radiometry units can be divided into two classes: those con-
cerning the power or energy and those that are geometrical in nature. In the ﬁrst class
one can list the energy that which in SI (International System)-derived unit measured in
joules (J) and the power (W) or radiant ﬂux, deﬁned as the derivative of the energy with
respect to time. In the second class there is the irradiance or ﬂux density (W m−2) that
is the derivative of the power with respect to the area; the radiant intensity (W sr−1) (I)
is the power per unit of solid angle and the radiance (W m−2 sr−1) that is the power per
unit of projected area per unit of solid angle.
Photometry
Photometry is the measurement of light, electromagnetic radiation detectable by the
human eye. It is thus restricted to the wavelength range from 380 nm to 830 nm. Photom-
etry is identical to radiometry except that everything is weighted by the spectral response
of the nominal human eye. The basic unit of the photometry is the lumen deﬁned by the
following standard: at a wavelength of 555 nm, one watt of radiant power is equal to 683
lumens.
In table 2.1 are reported the relevant quantities and their radiometric and photometric
units. Most of the quantities reported refer to the nature of the source (point source or
radiating surface of a given area) and to the geometry of the detection system.
To convert a radiometric to a photometric quantity the CIE (Commission Interna-
tionale de l'Enclairage) introduced the empirical curve V(λ) deﬁned as the spectral re-
sponse of the human eye. Since the eye has two classes of photosensors: cones and rods,
the V(λ) function assume two diﬀerent values in these cases. Photopic vision (the vision
of the eye under well-lit conditions) mainly concerns the cones, where V(λ) peaks at 555
nm and goes to zero beyond 400 and 750 nm. Whereas scotopic vision (the monochro-
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Radiometry Photometry
Quantity Name Unit Name Unit
Power Radiant ﬂux Watt (W) Luminous ﬂux lumen (lm)
Power per area Irradiance W·m−2 Illuminance lm·m−2=lux (lx)
Power per solid Radiant W·sr−1 Luminous lm·sr−1
angle intensity intensity =candela (cd)
Power per area Radiance W·m−2·sr−1 Luminance or lm·m−2·sr−1
per solid angle brightness =cd·m−2=nit
Table 2.1: Radiometric and photometric quantities and units.
matic vision of the eye in dim light) is concerned with the rods, where V(λ) peaks at 507
nm and goes to zero beyond 360 and 650 nm. Multiplying V(λ) by the factor Km=683
lm\W the absolute spectral luminous eﬃciency can be obtained (ﬁg. 2.1). A luminous
quantity Xν is obtained by:
Xν = Km
∫ 750
360
XλV (λ)dλ (2.1)
where Xλ is the corresponding radiant quantity spectral distribution.
2.1.2 Colorimetry
The goal of colorimetry is to incorporate properties of the human color vision system
into the measurement and speciﬁcation of visible light. At this time colorimetry is an
eﬃcient quantitative representation that predicts when two lights will appear identical to
a human observer. A good introduction to colorimetry can be found in ref. (Bra95) and
more exhaustive study in ref. (Pal01).
Human color vision and color matching function
The cone cells inside the retina are responsible for human color vision. There are three
diﬀerent types L, M and S which peak at wavelengths near 564-580 nm, 534-545 nm,
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Figure 2.1: Response of human eye: absolute spectral luminous eﬃciency functions for
photopic and scopic vision (Nav97).
and 420-440 nm, respectively. For their response they are roughly associated with the
red, the green and the blue perception. In ﬁg. 2.2 the spectral sensitivities of these
photo-receptors are reported. Each color that the human eye sees is characterized by an
intensity-distribution curve.
To characterize the color perceived by the human eye, the following parameters are
taken into account:
• Hue. This is speciﬁed by the dominant wavelength in the intensity-distribution
curve.
• Saturation. This is related to the color purity. Monochromatic colors have the
highest saturation and white light is completely unsaturated.
• Brightness. This concerns the sensation of overall intensity of a light, ranging from
dark, through dim, to bright, and dazzling. For surface colors, the third property is
lightness which is related to the percentage of incident light reﬂected by a surface
and refers to the whiteness, grayness or blackness of a color.
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Figure 2.2: Normalized color sensitivity of cones human eye.
Only if two colors present the same hue, saturation and brightness they are deﬁned to
be the same.
In the 1920's, in order to develop a theory to describe a color, matching color exper-
iments were conducted. In these experiments an observer views a bipartite ﬁeld, each
side of the ﬁeld is spatially uniform, but the two sides may diﬀer in their spectral power
distributions. The apparatus of the color matching experiment is arranged so that the
observer can adjust the matching light by controlling the intensity scaling of some number
of superimposed primary lights. The results of a large number of color-matching studies
show that observers are able to set matches to any test light by adjusting the intensity of
just three monochromatic sources: red at 700 nm, green at 546.1 nm and blue at 435.8
nm. These three colors are called RGB primaries. The weights given to the primaries to
match a color are called tristimulus values. When the test colors were monochromatic,
a plot could be made of the amount of each primary used as a function of the test color
wavelength. These three functions are called the color matching functions for that par-
ticular experiment. To develop a model for the color matching experiments, ﬁnd good
color matching functions and good tristimulus representations, the Grassmann's Laws are
taken into account:
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• if two lights match, they will continue to match if they are both scaled by the same
factor,
• if two pairs of lights match each other, then the superposition of the two will also
match.
Historically the ﬁrst standardization assumed by CIE of the color matching function
was in the RGB system where the color matching functions were r(λ), b(λ) and g(λ)
(ﬁg. 2.3).
Figure 2.3: (a)RGB color matching function (b) CIE color matching function (Nav97).
Furthermore, negative weights are allowed, as it is not possible to match all colors
using only positive weights. A negative weight does not mean subtracting color from the
additive mixture, but rather adding this color to the target color. As it was inconvenient
to have negative values in the matching functions, CIE proposed a linear transformation
of matching functions resulting in CIE x, y and z matching functions (ﬁg. 2.3). Actually
this is the most useful system to deﬁne the chromatic characteristics of a visible source
and was assumed also in this work. In this case, the tristimulus values X, Y and Z are
given by:
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X =
∫
E(λ)x(λ)dλ
Y =
∫
E(λ)y(λ)dλ (2.2)
Z =
∫
E(λ)z(λ)dλ.
CIE Chromatic Diagram
Since the visual representation of light is three-dimensional, it is diﬃcult to produce and
interpret graphical representations of color data on a two-dimensional page. To reduce the
dimensionality of the data representation, chromaticity coordinates is a common approach.
Chromatic coordinates are deﬁned so that any two lights with the same relative color
coordinates have identical chromaticity coordinates. This means that the chromaticity
coordinates of a light are invariant with respect to intensity scaling. A plot of chromaticity
coordinates is a chromaticity diagram. It is conventional to use the CIE 1931 xy diagram
(ﬁg. 2.4) which is obtained from the XY Z tristimulus by:
x =
X
X + Y + Z
y =
Y
X + Y + Z
(2.3)
z =
Z
X + Y + Z
Since the z component does not bear any additional information, it is often omitted.
The xy space is only the projection of the three dimensional X − Y −Z space, then each
point in xy corresponds to several points in the original space. The missing information
is represented by Y .
In the diagram graph (ﬁg. 2.4) the horseshoe outline is the locus of the saturated
(monochromatic) colors, i.e. the colors produced by one wavelength of the visible spec-
trum. All the spectral colors, produced by any combination of the monochromatic colors,
are inside the horseshoe region. The straight line (purple line) that connects the lowest
wavelength blue and the highest wavelength red does not represent spectral colors.
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Figure 2.4: CIE xy chromaticity diagram (Nav97).
White is perceived when the colors add to achieve a value in the central part of the
CIE diagram. The E white point (ﬁg. 2.4) is of theoretical interest. This achromatic point
is represented by the coordinates x = 1/3, y = 1/3 and z = 1/3, formed by equal amounts
of the three primaries. Connecting with a straight line the E point and any spectral color
of coordinates xy it is possible to obtain its dominant wavelength, its degree of saturation
and its complementary color. The intersection of this line with the horseshoe gives the
dominant wavelength of the spectral color which determines the hue. Looking at ﬁg. 2.4,
the dominant wavelength of all the colors lying on the straight line EA is given by the
point A. Considering a generic spectral color X, the ratio between the distance XE and
XA is the degree of saturation of the X color. If the ratio between these two segments
is close to one, it means the color of point X is unsaturated. The complementary color
of X is obtained by extending the straight line between E and X to the opposite side
of the horseshoe outline. In ﬁg. 2.4 the complementary color of the spectral color X is
represented by the B point. It is the complementary color of any spectral color located
on the straight line between A and E.
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On the CIE diagram all possible mixtures of two colors C1 and C2 are given by the
straight line connecting these points. Consequently, all the possible mixtures of three
diﬀerent colors: C1, C2 and C3 lie inside the triangle determined by those three points.
If the primary colors, (red 650 nm, green 520 nm and blue 460 nm) are selected, each
color inside the formed triangle can be reproduced without any negative tristimulus value
contribution. All the colors inside this triangle form the gamut of colors. This region
corresponds to the biggest triangle inside the CIE diagram, the primary additive colors
represent the colors that reproduce the largest number of colors without any negative
contribution.
The CIE diagram has one important caveat: if the distance between two points in the
diagram is the same as the distance between another two points, the perceived amount
of change in color from one point to the other will not be the same for two points.
In the worst case, if the perceived distances are the same, actual distances can diﬀer by
as much as 20 times. In order to correct this, researchers are trying to ﬁnd a perceptually
uniform color space. It has, unfortunately, still not been found. CIE proposed two
alternatives as improvements compared with the CIE xyY space. These are CIE Lu∗v∗
(CIELUV) and CIE La∗b∗ (CIELAB). Although they are referred to as perceptually
uniform color spaces by some authors, they are not. Just for comparison, two perceptually
equally distant color pairs, can diﬀer in the CIE LUV distance by as much as 4 times.
Though this is a signiﬁcant improvement when compared to the 20 times factor of the
original space, it is still not perfect (Bra95).
Conversions between CIE XYZ, CIELUV and CIELAB formulas are brieﬂy reported
in appendix A.
To completely describe the white emission, two other parameters have been introduced
in the light description: the color rendering index (CRI) and the correlated color temper-
ature (CCT). A common misconception is that correlated color temperature (CCT) and
color rendering (CRI) both describes the same properties of the lamp. This is not true.
Correlated color temperature (CCT) describes the color appearance of the light source
and the light emitted from it. Color rendering index (CRI) describes how well the light
renders colors in various objects. The CRI is calculated by comparing the colorimetric
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values for a given set of test colors illuminated by a test light source against the values
for the same test colors illuminated by a reference illuminant with a color temperature
close to that of the test light source. The calculations produce a rendering index for each
patch and the CRI for the light source is the mean of the rendering indices for the test
color set. The resulting CRI has a value of 100 if the test light source gives identical
rendering indices with the reference illuminant. To compare the CRI ratings for any two
given lamps, they must have the same color temperature for the comparison to have any
meaning. As it is shown in appendix B, the CCT can be calculated directly from the CIE
coordinates values. In this thesis the CCT were calculated using the McCamy formula
and the algorithm recently proposed by Hernández-Adrés et al. The used formula are
presented in appendix B.
By deﬁnition, the CCT of (x1, y1) is the temperature of the Planckian radiator that is
nearest to (x1, y1). In the CIE diagram the Planckian locus is the path that the color of a
black body would take in a particular color space as the blackbody temperature changes
(ﬁg. 2.5). The white is individuated between 3000 and 4600 K.
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Figure 2.5: The CIE 1931 x,y chromaticity space, also showing the chromaticities of
black-body light sources of various temperatures (Planckian locus).
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2.2 Rare Earths
Rare earths (RE) are elements with very similar chemical features, with an atomic number
Z between 58 (Cerium) and 71 (Lutetium). The rare earth in solids are either divalent,
trivalent or quadrivalent with the electronic conﬁguration 4fN5s25p6 or 4fN−15s25p6 re-
spectively. The trivalent valence state is the most common in solids and is the valence
state of interest in this work. An unique characteristic of the spectra of rare earth ions
in ionic crystals is the sharpness of many lines in the absorption and emission spectra.
These lines can be as narrow as those commonly observed in the spectra of free atoms or
free molecules. These atomic-like spectra can be explained by looking at the electronic
conﬁguration of the rare earth. In divalent and trivalent cases the 4f electrons are not
the outermost ones. They are shielded from the external crystalline ﬁeld by two electronic
shells. Thus the 4f electrons are only weakly perturbed by changes in the surrounding
ligands. An electronic shell in a solid is atomic-like the deeper its position is below
the top of the valence band, which is the highest occupied level. Since the position of 4f
states is at least 5 eV below the top valence band they can be considered with a good
approximation atomic-like . For these states the crystalline ﬁeld can be considered
like a small perturbation in the atomic energy levels. Therefore to describe the energy
levels of rare earth ions inside solids the wavefunctions of the free ions constitute a good
zero order approximation for the description of rare earth ions in solids. The crystalline
ﬁeld contribution can be considered as a perturbation of the Hamiltonian of the free ions
producing a splitting of the energy level.
2.2.1 Free ions
To interpret the levels of the free rare earth ion, the interaction between the 4f electrons
and the other electronic shells is not taken into account, assuming this interaction is equal
for each 4f electron in a spherical symmetry. This means it is not taken into account that
the aspherical 4f (because it is nonclosed) shell can distort the closed spherical shell. For
this limit, the Hamiltonian of the free rare earth ion can be written as:
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H = T + Ven + Vee + V so =
= − ~
2
2m
N∑
i=1
∆i −
N∑
i=1
Z∗e2
ri
+
N∑
i<j
e2
rij
+
N∑
i=1
ζ(ri)si·li (2.4)
where the ﬁrst term (T ) is the kinetic energy of the electrons, the second (Ven) is their
Coulomb interaction with the nucleus and the last two terms are the mutual Coulomb
interaction between the 4f electrons and their spin-orbit interactions with Vee and Vso
respectively. Since we have neglected the closed shells, Z∗e2 is the screened of the charge
of the nucleus, N = 1...14 is the number of the 4f electrons, si and li are the spin and the
orbital momentum for the i -th electron, then ζ(ri) the spin-orbit coupling function is:
ζ(ri) =
~2
2m2c2ri
dU(ri)
dri
(2.5)
where U(ri) is the potential in which the electron i is moving.
In systems with more than one electron it is not possible to obtain an exact solution for
the Schrödinger's equation 2.4. The most common approximation for a complex atom is
the central ﬁeld approximation. In this approximation each electron is assumed to move
independently in the ﬁeld of the nucleus in a central ﬁeld made up of the spherically
averaged potential ﬁelds of each of the other electrons. The Hamiltonian Hcf for the
central ﬁeld is:
Hcf =
N∑
i
[− ~
2
2m
∆2i + U(ri)] (2.6)
where U(ri) is the central ﬁeld potential and is composed of Ven and the spherical sym-
metric part of Vee.
Schrödinger's equation for the central ﬁeld,
N∑
i
[− ~
2
2m
∆2i + U(ri)]Ψ = EcfΨ (2.7)
can be separated by choosing a solution such that
Ψ =
∑N
i=1
ϕi(a
i) and Ecf =
∑N
i=1
Ei. (2.8)
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Each electron moving in the central ﬁeld U(ri) will satisfy equations:
N∑
i
[− ~
2
2m
∆2i + U(ri)]ϕ(a
i) = Ecf (a
i)ϕ(ai) (2.9)
where (ai) represents a set of quantum numbers (nlml) which specify the state of
motion of the single electron in the central ﬁeld. Being that all the terms in eq.2.6 are
spherically symmetric, the degeneracy of the 4f electronic conﬁguration
 2(2l + 1)
n
 = 14
n
 can not be removed. Introducing polar coordinates and separating the one-
electron eigenfunctions into radial and angular parts the solution becomes:
ϕ(ai) = r−1Rnl(r)Ylml(θ, φ). (2.10)
and the solution of eq. 2.7 is then:
Ψ =
N∑
i=1
ϕ(ai). (2.11)
This solution is not unique since other solutions may be obtained by permutations of
the coordinates of any of the N -electrons. To satisfy the Pauli exclusion principle we must
choose a linear combination of these solutions to obtain antisymmetric wavefunctions with
respect to the permutation of spin and spatial coordinates of any pair of electrons. The
resulting antisymmetrical solution of the central ﬁeld wave equation may then be written
as:
Ψ =
1√
N !
N∑
p
(−1)pPϕ1(a1)ϕ2(a2).....ϕN(aN) (2.12)
where P represents a permutation of the electrons and p is the parity of the permu-
tation with the summation extending over all the permutations of the N -electron coor-
dinates. At this level the principal quantum number n, the orbital angular momentum l
and its component along the quantization axis ml are good quantum numbers.
To obtain the rare earth energy level structure we have to investigate also the non-
spherically symmetric part: V = H −Hcf . This potential splits the highly degenerate
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free ion states, and the energy levels can be found calculating the matrix elements of V .
Unfortunately, such an approach assumes a large amount of calculations and fails to solve
the problem of labelling the energy levels. In atomic theory there are two limiting cases:
HcÀHso and Hc¿Hso. The ﬁrst is the Russell-Saunders coupling, the spin-orbit is con-
sidered like a small perturbation in the energy level scheme that is obtained diagonalizing
the Hc term. The second is called j − j coupling and the Hc results from a perturbation
to the energy level scheme. Both cases can be solved by perturbation theory.
In rare earth ions these two terms are comparable and this regime is called intermediate
coupling.
To calculate the energy levels in the intermediate coupling approximation we have to
calculate the matrix element for the V potential in a set of basis functions and diagonalize
the matrix for the speciﬁc 4f conﬁguration. Usually a basis set of Russel-Sanders eigen-
functions is used. The V is diagonal in J , and therefore the total matrix of energies for
the 4fN conﬁguration can be split up into submatrices for states with the same J . These
states are then still degenerate in MJ and are a linear combination of states with diﬀerent
L and S but the same J . There are also conﬁgurations with the same L and S that occur
more than once; to distinguish them, new quantum numbers must be introduced.
2.2.2 Rare earth in the crystal ﬁeld
In order to deﬁne the energy level structure of rare earth ions inside a crystal, the in-
teraction with the crystalline ﬁeld must be taken into account. Two diﬀerent ways have
been used to solve this problem: by means of the ligand ﬁeld theory introduced by Ball-
hausen (Bal62), and the crystal ﬁeld theory introduced by Bethe (Bet29). The ﬁrst theory
supposes that the interaction between the ions and the surrounding environment is pre-
dominant creating molecular orbitals with the surrounding ions. Since we are focused on
the 4f orbitals, that are not the most external ones, this way is not applicable, but it is
useful for the 3d valence-shell of transition metals. Consequently, the interaction between
the rare earth ions and the crystalline ﬁeld will be approached considering the potential
provided by the crystal environment (V ) as a perturbation that removes partially or to-
tally the degeneracy of the component of J along the quantization axis. The new sublevels
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are named Stark levels.
In ﬁg. 2.6, we report the typical order of magnitude of energy level splitting inferred
from absorption and emission spectra that are characterized by relatively narrow and
well separated bands made up of several distinct absorption or emission peaks which
correspond to the Stark sublevels. Considering the crystal ﬁeld is generated by the super-
position of the electrostatic potential of the other ions, it is assumed V may be expanded
in terms of spherical harmonics:
V =
∑
k,q,i
Bq
k(Cq
(k))t (2.13)
where the summation involving i is over all the electrons of the ions of interest. The
quantities Bqk can be seen as a simple coeﬃcient of the expansion, determinable em-
pirically from the experimental data. The ﬁrst term of eq. 2.13 has k = q = 0 and is
thus spherically symmetric. In a ﬁrst approximation this term gives a uniform shift of all
the levels of the conﬁgurations. When only f -electrons are involved, group theory and
punctual symmetry determine k≤6. Since the Hamiltonian must be invariant under the
operations of the point symmetry group, the values of k and q are limited by the point
symmetry of the rare earth ion site (Tin64).
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Figure 2.6: Typical values of the level splitting in rare earth ions.
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The degree to which the (2J + 1)fold degeneracy is removed will depend on the point
symmetry about the rare earth ion. The Kramer theorem demonstrates that for an odd
number of electrons, what ever the punctual symmetry, every Stark sublevel is at least
two-fold degenerate due to the Hamiltonian symmetry for temporal inversions. Since the
odd part of the crystalline ﬁeld causes a little mixing of various sublevels with diﬀerent
quantum numbers n, the electronic transitions between 4f electrons, parity forbidden,
become partially allowed. The rare earth ions reach excited states showing radiative
transitions with very long decay times up to tens of milliseconds: such a phenomenon
suggests one to adopt the name of metastable levels for these relatively long lived states.
The scheme of the energy levels (Dieke scheme) for all triple-ionized rare earth ions is
shown in ﬁg. 2.7.
2.3 Energy transfer in rare earth doped crystal
Three main categories for the energy transfer among energy levels of the same ion or
diﬀerent ions of rare earth doped crystals are:
1. radiative relaxation;
2. non-radiative relaxation;
3. cooperative mechanisms.
The life time of an excited multiplet a can be expressed as:
τa =
1∑
bWab
R +Wab
NR
(2.14)
where the index b runs on the ﬁnal states, WabR is the radiative decay rate and WabNR
represents the rate for non-radiative decays and cooperative mechanism between ions.
2.3.1 Radiative relaxation
A decay is radiative if there is emission of photons from an excited state that decays to
an other one. A fast thermal equilibrium (10−12 − 10−13s) among the diﬀerent Stark sub
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Figure 2.7: Scheme of the energy levels of all triply ionized rare-earth ions (Die68)
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levels of a manifold permits one to consider the initial manifold as a single level. The
spontaneous emission rate between the starting level Ψi and the ﬁnal one Ψf is expressed
by the A Einstein coeﬃcient:
Afi =
64pi4ν3fi
3hc3gi
|〈Ψf |P |Ψi〉|2 (2.15)
where νfi is the frequency of the transition, gi is the degeneracy of the starting level
and P represents the operator responsible for the transition. All the transitions under
investigation occur between electronic levels of the same conﬁguration 4f : these decays
would not be allowed in the electric dipole approximation due to the parity selection
rule. The magnetic dipole and electric quadrupole induced transitions (free from parity
selection rule) are not able to explain the complexity and the intensity of the experimental
spectra. The weak oscillator strengths and other experimental evidence suggest that the
transitions occur due to induced dipoles produced by the inﬂuence of the crystal ﬁeld,
by means of its odd components that mix 4f states having diﬀerent parity. A further
contribution to the decay rate that can be treated as a correction arises because of lattice
vibrations: due to the coupling with the electronic levels vibrational side bands appear.
Following the Born-Oppenheimer approximation it is possible to write the wavefunction
as the product of an electronic part and a vibronic one:
Ψ = ΨeΨv (2.16)
the vibronic part adds a factor to the emission rate that takes into account the phonon
eﬀective density of states D∗(νif ):
Afi∝〈Ψf |P |Ψi〉D
∗(νif )
νif 3
(2.17)
Those vibrational side bands correspond to transitions between the fundamental vi-
brational state of the excited level and the excited vibrational states of the low lying
electronic level: they are less energetic than the purely electronic transition (the so called
zero phonon line) and are observed at longer wavelength; as the temperature increases
the vibrational levels of the excited state become populated and sidebands appears even
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at wavelengths shorter than the zero phonon line. The intensity of those sidebands is a
measure of the strength of the coupling with the phonon ﬁeld.
2.3.2 Non radiative relaxation
In the case of non-radiative decays the excitation energy is released to the crystalline
lattice as phonons. To describe this process I refer to ref. (Ris68) and (Ris76). Evidence
of non-radiative decay is the shortening of the decay time of the excited levels as the
energy gap between them decreases, till the extreme case, in which the ﬂuorescent signal
is completely quenched if levels are close enough. Considering the ions as a point charge,
it is possible to expand the crystal ﬁeld Hamiltonian Hcf in a Taylor series around the
equilibrium ion position as:
Hcf = Vcf +
∑
i
∂Vcf
∂Qi
Qi +
1
2
∑
ij
∂2Vcf
∂Qi∂Qj
QiQj (2.18)
where Vcf is the static crystal ﬁeld of eq. 2.13 and Qi represents the i-th normal mode
coordinate; experimental data allow us to adopt the approximation up to temperatures
of several hundreds of ◦C. Since the cut-oﬀ of the phononic spectrum is of the order
of hundreds of cm−1 (the maximum is reached in oxide crystals with 1000cm−1), non-
radiative relaxation must involve many phonons. Presently eq. 2.18 can only give an
order of magnitude because of the uncertainties or lack of knowledge of the terms in
eq. 2.18. To calculate the non radiative decay rate a single-frequency phonon model with
weak electron-phonon coupling is used. Assuming the weak phonon-electron coupling and
using the energy conservation it is possible to write:
∆Egap = pi~ωi and
W p
W p−1
= ²¿1. (2.19)
pi is the number of phonons necessary to bridge the energy gap ∆Egap to the next-
lowest level having frequency ωi. Deﬁning ni as the occupation number of the i-th phonon
mode and W0 as the low temperature transition rate (W (T = 0) = W0), the dependence
of the non radiative decay rate from the temperature can be written as:
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W (T ) = W0 (ni + 1)
p . (2.20)
Since phonons are bosons, we can substitute ni with the corresponding Bose-Einstein
distribution:
ni =
[
exp
(
~ωi
KBT
)
− 1
]−1
(2.21)
that can be used in the Eq.(2.20):
W (T ) = W0
 exp
(
~ωi
KBT
)
exp
(
~ωi
KBT
)
− 1
pi . (2.22)
In ﬁg. 2.8 we show the temperature dependence of the rate for diﬀerent orders of
the process as from eq. 2.22. The hypothesis of single-energy phonons seems reasonable
because the most important parameter is the number of phonons involved in the relaxation
rather then their precise energy.
In the previous model the degeneracy of each manifold was neglected. If a is the index
for the Stark sublevels of the upper multiplet and b that for the lower ones, and assuming
the validity of the Boltzmann distribution in every manifold,the corrected rate reads:
W (T ) =
∑
a
∑
b gaWab (T ) exp (−∆a/KT )∑
a ga exp (−∆a/KT )
(2.23)
where Wab is the rate for the decay from the upper multiplet sublevel a to the lower
multiplet sublevel b, ga is the degeneracy and ∆a is the energy of the a level of the upper
state measured from the bottom of the upper manifold. The multiphonon decay exper-
imentally shows a dependence on the energy gap between the two manifolds involved in
the transition. This can be explained with the convergence of the perturbative expansion
guaranteed by Eq.(2.19) that leads easily to:
W n = An² (2.24)
with A a constant and n determined by Eq.(2.19), gives the phenomenological expression:
W = ²
∆Egap
~ωmax ≈ Ce−α∆Egap . (2.25)
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Figure 2.8: Multiphonon relaxation rate as a function of the temperature for diﬀerent
number of phonons.
The values of α and C depend on the crystalline host, where C is measured in the
range of 1012 − 1013 s−1, as previously stated. Experimental evidences of the validity of
eq. 2.25 can be seen in ﬁg. 2.9.
2.3.3 Cooperative mechanisms
When the dopant concentration increases, the relaxation mechanism cannot be described
as single particles processes. As ions get spatially closer to one another, a coupling
process could happen via exchange interactions in the case of wavefunction overlapping,
via super-exchange interactions when intervening ions are involved, or via electro-magnetic
multipolar interactions. The excitation can be transferred between two ions called donor
and acceptor respectively. Since the decay-times are so long, diﬀerent mechanisms of
energy transfer, which could not take place if the lifetime of the excitations were not long
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Figure 2.9: Multiphonon relaxation rate as a function of the energy gap in diﬀerent matrices.
enough, are allowed.
Historically, Förster (F48) and Dexter (Dex53) laid out the basics of the theory for
the energy transfer in rare earth doped crystals. After them various theoretical methods
were developed in order to describe the mechanisms that take place in samples of this
kind.
Omitting the lattice-ion interaction, the energy transfer rate WAB between the ions A
and B is expressed as:
WAB =
2pi
~
|〈ΨA(2′)ΨB(1′) |HAB|ΨA(2)ΨB(1)〉|2
∫
FA(E)FB(E)dE (2.26)
whereHint is the ion-pair coupling Hamiltonian, ΨA(2) and ΨB(1) are the initial states,
while ΨA(2′) and ΨB(1′) are the ﬁnal ones and fA(E) and fB(E) represent the normalized
line-shape functions for the transitions of ions A and B (ﬁg. 2.10).
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Figure 2.10: Cooperative relaxation.
In the case of electrostatic interactions between electronic clouds of the two ions A
and B, Hint can be written as:
Hint = 1
ε
∑
i,j
e2
R− rA,i − rB,j (2.27)
where ε is the dielectric constant of the medium, rA,i and rA,j represent the coordinate
vectors of the i-th electron with respect to donor A and the j-th electron with respect to
acceptor B, and R is the inter nuclear separation A−B.
The eq. 2.27 can be expanded in spherical harmonics around the equilibrium position
of the ions, obtaining:
Hint = 1
ε
∑
ki,kj
∑
qi,qj
e2
R(k1+k2+1)
Gk1k2q1q2D
(k1)
q1
(A)D(k2)q2 (B) (2.28)
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where Gk1k2q1q2 is a factor that takes into account the orientation of the crystallographic
axes with respect to the incident light and Dkq is the multipole operator deﬁned as:
Dkq =
(
4pi
2K + 1
) 1
2 ∑
i
rki Ykq(θi, ψi). (2.29)
The leading terms of eq. 2.28 are the electric dipole-dipole, dipole-quadrupole and
quadrupole-quadrupole having radial dependencies of R−3, R−4 and R−5 respectively.
A more detailed description takes into account the contribution for the magnetic
dipole:
Hmd =
∑
i.j
[
µi · µj
R3
− 3(µi ·R)(µj ·R)
R5
]
(2.30)
where µi = li+2si. As a result, the contribution of the electromagnetic terms to WAB
of Eq.(2.26) is:
W emAB =
ad−d
R6
+
ad−q
R8
+
aq−q
R10
+ ..... (2.31)
Besides the electromagnetic interactions, the exchange mechanism can be represented
by:
Hex =
∑
i,j
JijSi·Sj (2.32)
where Si and Sj are the spin moments of the two ions and Jij is the exchange integral.
Using hydrogen-like wavefunctions to perform the calculations, it is possible to express
the radial dependence as:
W exAB∝ exp (−2R0/L) (2.33)
where L is an eﬀective Bohr radius and R0 is the distance where the exchange interac-
tion is equal to the radiative de-excitation. As the ion-lattice coupling is considered, the
processes can also be non-resonant and require the creation or destruction of phonons.
The diﬀerent processes are presented in ﬁg. 2.11 and can be classiﬁed as:
• Migration:
the transfer of the energy from an excited ion to another one. A previously excited
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ion relaxes and transfers its energy to another one. This process can occur either
between two ions of the same kind or between two diﬀerent ones. Moreover it can
be a resonant transfer or a non-resonant one (i.e. a transfer involving one or more
phonons).
• Cross-relaxation:
in this process an ion decays from an excited state to another one (with the exception
of the ground state!) and transfers the energy to another ion, usually of the same
kind. As a result, at the end of the process, two ions are excited and the sum of
their energy is equal to the initial energy. This process can also involve phonons.
In this case, the conservation of the energy is still fulﬁlled provided that one takes
into account the phonon energy.
• Up-conversion:
this process happens when two excited ions, usually of the same kind, transfer their
energy resulting in an ion which will acquire the sum of the energy of the previous
ones. Also in this case one or more phonons can be involved in the transfer. This
process is used to produce visible light by IR-diode pumping using Yb as the donor
and Pr, Er, Tm and Ho as the acceptor in diﬀerent materials.
• Excited State Absorption (ESA):
this takes place when an excited ion absorbs the pump radiation thus reaching a
higher level, even if it is not an energy transfer process between ions inside the
crystals.
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Figure 2.11: Schemes representing the various energy transfer mechanisms.

Chapter 3
Experimental apparatus and crystals
In this chapter I will show the main features of the diﬀerent crystalline matrices involved
in this thesis. Then, I will brieﬂy describe the various experimental set-ups used to char-
acterize their white light emission. This part refers only to the measurements performed
in the New Materials for Laser Application laboratories at the Dipartimento di Fisica of
the Università di Pisa (NMLA). The setup used at the PHILIPS laboratories for the red
laser development and characterization is described in chapter 6.
3.1 Crystals
During this work, I analyzed diﬀerent ﬂuoride crystals with cubic, monoclinic or uniaxial
structure doped with trivalent Praseodymium ions. In this PhD work I wasn't involved in
growing the investigated crystal. However all crystals taken into account have been grown
in Pisa NMLA laboratories using the Czochralski method (Pam75). A lot of information
about the crystal structure and the growth method can be found in the literature, but
for the sake of clarity some general data about the growth method will be reported in the
following section. In order to investigate polarization-dependent optical properties the
crystals were oriented by X-Ray Laude technique, then cut and optically polished with
alumina powder.
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3.1.1 Czochralski growth method
All investigated crystals, in the NMLA laboratories and used at the PHILIPS labora-
tories were grown by the Czochralski method. Appropriate powders, depending on the
crystalline matrix, are inserted in a furnace with resistive heating. When the melting
point temperature of the mixing powders is achieved, a seed crystal is brought into con-
tact with the melt. The growth continues pulling upwards and rotating the seed at the
same time. The vertical growth against the gravitational force and the rotation of the
seed are the main diﬀerence between the Czochralski method and other growth methods.
The used growth apparatus is completely home-made at NMLA laboratories. Depend-
ing on the crystal that is grown, crucibles of diﬀerent materials are used in order to avoid
any chemical reaction with the molten powders. The growth powders were puriﬁed at AC
Materials (Orlando, FL) to a purity of 99.999%.
During the growth to avoid any contamination that can aﬀect the optical quality of
the crystal, special care has been devoted to the quality of the vacuum before the growth
starts, which has an ultimate pressure limit below 10−7 Mar. The growth process was
carried out in a high-purity (99.999%) Argon atmosphere.
The furnace is equipped with an optical computer-controlled apparatus for diameter
control.
The single crystalline character of the samples was checked, after the growth, using the
X-ray Laude technique that allows us to identify the crystallographic axis of the crystal
and to cut oriented samples.
3.1.2 BaY2F8
BaY2F8 (BYE) has a monoclinic crystalline structure with C/2m space group (Tin64).
Due to this structure BaY2F8 is an optically anisotropic media (biaxial). Based on (Gui93)
the average refractive index n is about 1.5 around 578 nm (nx = 1.49, ny = 1.51 and
nz = 1.50). The reticular constants are a = 0.6972 nm, b = 1.0505 nm and c = 0.4260
nm, the angle between the a-axis and the c-axis is β = 99.4◦ (Izo70) see ﬁg. 3.1; each
primitive cell contains two molecules of BaY2F8 . Rare earth ions enter the Y3+ sites
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having C2 symmetry, therefore the crystal ﬁeld completely removes the degeneracy of
the levels of the ions with an even number of electrons in the 4f shell. Since the ionic
radius of Y3+ (1.26 A˙) is smaller than the Pr3+ one (1.27 A˙), the distribution coeﬃcient
is less than 1. In the BaY2F8 crystals the Pr3+ distribution coeﬃcient kseg runs from 0.4
to 0.5. The principal structural and optical BaY2F8 properties are reported in tab. 3.1
(Ton99; Web03; Kam98; DeS00).
One of the most important features of this crystal is the large transparency window
that ranges from UV (200 nm) up to 9 µm in the infrared region, and the very low phonon
energy (∼ 350 cm−1 (Ton99)) that makes this matrix suitable for laser applications in the
near IR region, as well as in the UV and visible regions.
Figure 3.1: View of the unit cell of BaY2F8 . The polyhedron deﬁned by the surrounding
ﬂuoride ligands of an Y3+-ion is marked (Gui93).
Three Pr3+ nominal doping levels on BaY2F8 crystal matrix are studied in this work:
0.3%, 1.25% and 3%.
All of them were grown using BaY2F8 powder as raw material for the crystal and the
doping density was achieved by adding a proper amount of Pr3+ powder.
The 3% Pr3+:BaY2F8 dimensions are: 11.6×2.69×4.16mm (w×l×h), with the a axis
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along l, while b along w. The 1.25% Pr3+:BaY2F8 dimensions are: 10.16×4.04×4.46mm
(w×l×h), with the a axis along l, and b along h. The 0.3% Pr3+:BaY2F8 sample is
1.14×4.29×7.07mm (w×l×h) with a along l and b along h.
3.1.3 LiLuF4
The LiLuF4 (LLF) crystal is an isomorph to the well known LIEF4 (LLF) and therefore
belongs to the tetragonal system with C64h − I41 symmetry. The lattice parameters
are a = b = 0.5167 nm and c = 1.0375 nm. In the LiLuF4 crystal the rare earth ions
substitute the Lu3+ ions in sites with S4 symmetry with coordination number equal to
8 (Cor07; Com97) (ﬁg. 3.2). The Lu3+ (1.12 A˙) ion is very small compared to the Pr3+
(1.27 A˙) ion, and this causes an enhanced possibility for crystal distortions and a low
distribution coeﬃcient (0.1 − 0.2). The melting temperature of LiLuF4 is 830 ◦C. In
tab. 3.1 we report its main optical and structural features (Web03; Kam93). The sample
of LiLuF4 that is investigated for the white light emission is 1.25% Pr3+ nominally doped.
Its dimensions are: 2.8×6.4×8.7 mm (w×l×h) with the a axis along l and the c axis along
h.
3.1.4 KYF4
KYF4 structure has been explored by Aléonward et al. (Al8). KYF4 has a trigonal non-
antisymmetrical structure with space group P3112. KYF4 like NAYS4 derives from the
basic CAFF2 (Al3) structure (Ore82). The cell parameters are a=14.060 A˙, c=10.103
A˙ and the cations are arranged in an abc sequence perpendicular to the c axis (Yam93;
Fur92b). In the literature, we can ﬁnd two diﬀerent theories about the position of cations
in the unit cell. KYF4 has either been considered as a multiple host material (Yam93;
All93; Zha95; Dub90) or a disordered crystal (Syt91). Recently it has been proven (San04)
that KYF4 has a multiple structure where some of the sites in the unit cell are occupied
either by Y3+ or K+ in a statistical manner. According to (Yam93; Pea94; Fur92b; Bou99)
two main classes of sites exist but the number of their subclasses varies for every class
from two to three and up to ﬁve. These can depend on the diﬀerent rare-earth ion doping,
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Figure 3.2: View of the unit cell of LiLuF4 . The polyhedron deﬁned by the surrounding
ﬂuoride ligands of an Y3+-ion is marked (Kam93).
for example some authors state that for the Erbium doping ions only a class of sites is
occupied (Fur92a). A cation plane of the KYF4 unit cell is shown in ﬁg. 3.3.
Two diﬀerent samples from the same grown bulb will be investigated, to check the
dependence of the CIE coordinates and of the eﬃciency from the dimensions of the crystal.
The larger sample is 10.6×3.01×2.35 mm (w×l×h) and the crystallographic axes c and
a are along l and h respectively. The smaller sample is : 4.94×4.40×2.79 (w×l×h) with
the a and c axes directed along h and l, respectively. The volume of the larger is 74.98
mm3, whereas the smaller one is 60.64 mm3.
3.1.5 KY3F10
KY3F10 is an isotropic crystal with a cubic-face-centered structure Fm3m (Oh5) similar
to the ﬂuorite structure. The elementary cell contains eight formula units and has a cell
parameter a = 11.54 A˙. The trivalent rare-earth dopants substitute for the Yttrium ions in
sites of C4v symmetry (Sil04) (ﬁg. 3.4). Like in the BaY2F8 case its distribution coeﬃcient
is less than one. It was determined by ICE-OEM- and AA-measurements to be kseg =
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Figure 3.3: Structure of KYF4 (Yam93). The illustration is the z = 1/3 cation plane
projected along c.
0.5. Recent structural and optical investigations on Pr3+:KY3F10 revealed a partially
disordered structure (Bra07). The melting point is around 1030 ◦C. The properties of
this crystalline host are reported in tab. 3.1 (Web03; Mor82; Pie74).
The sample investigated in this thesis is 0.3% Pr3+ nominal doped. Its dimensions
are: 3.37×3.97×3.39 mm (w×l×h). The crystalline axis a is directed along each side.
3.1.6 Trivalent Pr rare earth ion
Praseodymium with an atomic number of Z = 59 is the third lightest element of the
lanthanides. In the trivalent state Pr3+-ions have two 4f-electrons which can occupy 13
energy states inside the 4f-orbitals. The 3H4-state is the ground state. In ﬁg. 3.5 I report
the energy level scheme of the 4f 2 and the 4f5d states of the trivalent praseodymium
ion. Directly below the 4f5d states at about 46.000 cm−1 is the highest 4f 2 energy level
1S0 (Loh65). In this thesis we will focus on the transition between the 4f levels where
several radiative transitions in the visible spectral range from the blue to the near infrared
spectral range occur as shown in ﬁg. 3.5.
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Figure 3.4: Scheme of the unit cell of KY3F10 crystal. The polyhedron deﬁned by the
surrounding ﬂuoride ligands of an Y3+-ion is marked.
3.2 Experimental apparatus for the white light emis-
sion characterization
In this section I'll brieﬂy describe the experimental apparatus that was used for the
analysis of the previously described crystals as new white light emitting sources.
3.2.1 X-Ray diﬀractiveness
All the samples under investigation, except the KY3F10 one, are not cubic and, con-
sequently, their spectroscopic features have to be studied as a function of the crystal
orientation. The samples have been oriented using the Laude method. The X-ray source
is a HAT Generator PW1830/40 and a Copper tube 38 Experimental apparatus and crys-
tals PW2273/30 by Philips. The X-rays are emitted through a Beryllium window with no
selection of the output wavelength. They scatter on the sample mounted on a precision
goniometry (±0, 1◦ in the x and y directions and ±2◦ along z) and the Laude diﬀrac-
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BaY2F8 LiLuF4 KY3F10 KYF4
Crystal system monoclinic tetragonal cubic tetragonal
Space group C2/m I41/a Fm-3m P3112
Site symmetry for Y3+ C2 S4 C4v
Lattice constants (A˙) a = 6.935 a = 5.123 a = 11.536 a = 14.060
b = 10.457 c = 10.520 c = 10.103
c = 4.243
β = 99.4◦
Refractive indices n = 1.51 no = 1.468 n = 1.4856 no = 1.419
(average, 578 nm) ne= 1.494 ne = 1.414
(632.8 nm) (600 nm) (632.8 nm)
Phonon energy (cm−1) 350 <450 420 380
Melting point Tm (◦C) 960 830 1030 800
Distribution coeﬃcient ksegr 0, 4− 0, 5 0, 1− 0, 2 0,5
Table 3.1: Optical and structural properties of the investigated crystals.
tion pattern is acquired in back-refraction scheme by means of a photographic plate and a
Laude chamber (Flat Chamber 801 by Huger). The image is then digitalized using a scan-
ner and analyzed using the Orienteering programme. From this procedure it is possible
to individuate the crystallographic axes and cut the crystals along their directions.
3.2.2 Crystal preparation
To use the oriented crystals for the spectroscopic investigation and for the laser applica-
tion (1.25% Pr3+:BaY2F8 only) each sample is mechanically cut and polished at NMLA
laboratories. To cut the crystals with the desired orientation and dimensions a precision
cutter with a diamond wire is used. The polishing of the sample surfaces is performed
using alumina and diamond powders of decreasing diameters. The optical quality of the
obtained samples is tested by observing with a microscope the scattering of visible light.
The polishing procedure has to be carefully carried out in the case of laser samples since
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Figure 3.5: 4f 2 and the 4f5d states of the trivalent praseodymium ion in LiLuF4 crys-
talline matrix (Ric08).
the quality of the polished surfaces can aﬀect the performance of the active medium into
the laser cavity.
3.2.3 Absorption measurement
The acquisition of the room temperature absorption spectra have been performed by
means of a two beam spectrophotometer VARIANT CARNY 500 Scan operating in the
range 180-3200 nm. The signal on the UV-Vis region is obtained using a 1200 gr/mm
grating and a R928 photomultiplier as a detector. The dispersion is 0.98 nm/mm. A 300
gr/mm grating and a cooled PUBS photodiode are used for the NIB part of the spectrum
with a dispersion of 3.92 nm/mm. The grating change is automatic at 800 nm. In ﬁg. 3.6
we report a scheme for the CARNY 500 spectrophotometry. In the UV-Vis region a 0.1
nm wavelength resolution has been selected while 0.4 nm was selected for the NIR region.
The declared resolution for the absorbance value is constant for the entire operating range
and is equal to 0.001.
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Figure 3.6: Scheme of the spectrophotometry CARY500.
3.2.4 Argon laser
The Coherent-Innovate 305 Argon laser is used both for the ﬂuorescence spectra acquisi-
tion and the intrinsic eﬃciency determination. Its active medium is an Argon ion plasma,
obtained by electrical discharge in an Argon gas. This laser can be used in single line
mode or in the multilineal mode. In the ﬁrst case the emission is monochromatic and the
wavelength is selected by a prism inserted in the cavity. In the second one, the Innovate
305 model has two multilineal conﬁgurations: one for the UV emission (33.4-368.9 nm)
and an other in the visible region (457.9-514.5 nm). For this setting the emission is the
composition of many wavelengths and the absence of the prism implies a higher emission
power.
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3.2.5 Monochromatic
The TRIAD 320 by Join-Yon monochromatic is used for the ﬂuorescence measurement
and for the intrinsic eﬃciency measurements. Its slits are variable up to 2 and three
diﬀerent gratings can be selected: 300 gr/mm blazed at 2 µm, 600 gr/mm blazed at 1
µm and 1200 gr/mm blazed at 0.5 µm. The slits dimension and the grating are computer
controlled by software. The internal scheme of the TRIAD 320 is reported in ﬁg. 3.7.
Figure 3.7: Internal view of the monochromatic TRIAX320.
3.2.6 Detectors
The detector used for the ﬂuorescence measurements is a photomultiplier with S20 cathode
useful between 300 and 800 nm, its sensibility at 700 nm is equal to 16 mA/W.
For the intrinsic eﬃciency measurements two diﬀerent detectors are used: one for the
absorbed fraction determination and an other one for the emitted signal measurements.
The ﬁrst is a silicon detector useful between 400 nm and 1000 nm. The second one is the
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phototube R1464 by Hamamelis for the 150-850 nm region. Its sensibility at 420 nm is
51 mA/W.
3.2.7 Integrating sphere
The integrating sphere used for the intrinsic eﬃciency determination is the IS-040-SOL by
Blaspheme. The IS-040-SOL sphere has a diameter of 4 inches. The interior of the sphere
is machined from Spectrally, a thermoplastic resin, which is characterized by > 99 %
reﬂectance over the wavelength range from 400 to 1500 nm, and > 95 % reﬂectance from
250 to 400 nm and from 1500 to 2500 nm. This wide range of higher reﬂectance allows
us to use this sphere from the ultraviolet far into the NIB region of the spectrum. The
Spectrally provides environmental and optical stability. This sphere can be used under
diﬀerent ambient conditions when a coated sphere would be impractical. The sphere is
equipped with four ports, three 1 inch diameter ports, one 0.5 inch port, and one bae.
The port locations are at 0◦, 90◦, 180◦ and 270◦.
In order to connect our instruments and to insert the crystals on the sphere, new port
adaptors have been designed and manufactured in Pisa Laboratories. In particular two
new tops for the 1 inch and 0.5 inch ports have been manufactured: the ﬁrst one for
mounting the sample and a disk used as diﬀusing element and the second one for the ﬁber
used to collect the light.
3.3 Experimental set-up
In the following section I'll describe the experimental apparatus for the CIE coordinates
determination and for the intrinsic eﬃciency measurements.
3.3.1 CIE coordinates determination: steady-state emission spec-
tra
As described in the theoretical part of this thesis, to determine the CIE coordinates, the
room temperature emission spectra have to be acquired (eq. 2.2). The emission spectra
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are obtained by exciting the sample by the CAWArgon laser at 457.9 nm. For the emission
measurements the laser beam was focused onto the sample with a 10 cm focal length lens.
The ﬂuorescence signal was detected perpendicularly to the pump laser direction to avoid
pump spurious scattering. The luminescence was chopped and focused by a 10 mm focal
length lens on the input slit of a Join-Yvon monochromator with 33 cm focal length (a
diagram is shown in ﬁg. 3.8). To obtain the polarized emission spectra a Glan-Thomson
is put in front of the monochromator input slits. To characterize the samples in the
same conditions of the working future device, the blue pump radiation has not taken
into account in the emission spectra. For some crystals (KY3F10 , KYF4 , LiLuF4 ) the
emission radiation is directly ﬁltered by the ﬁlter Y46 (cut-oﬀ wavelength 465 nm). In
the BaY2F8 samples where the signal of the laser edge doesn't aﬀect so much the sample
emission, the blue radiation has been cut during the analysis. The monochromator is
equipped with a 1200 gr/mm grating for the 360-750 nm region. The signal was detected,
fed into pre-ampliﬁers, processed by a lock-in ampliﬁer and subsequently stored on a
PC. The acquired spectra were normalized for the optical response of the system. The
signal was detected by a photomultiplier and processed by a lock-in ampliﬁer. The best
resolution used was 0.11 nm. The spectra were corrected for the spectral response of the
system using a black body source at 3000 K temperature.
3.3.2 Intrinsic eﬃciency measurement
Usually two eﬃciency types are distinguished: the ﬁrst one is the raw eﬃciency, whereas
the second is the intrinsic one.
Raw eﬃciency is the ratio of total visible emitted power (either in radiometric or
photometric units) to the average pump power incident on a sample:
ηraw =
Pem
Pinc
(3.1)
Intrinsic eﬃciency is the ratio of total visible power emitted to the power of the
pump absorbed by a sample:
ηint =
Pem
Pabs
(3.2)
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Figure 3.8: Experimental set-up to acquire the polarized emission steady-state spectra.
The absorbed power is related to the incident power by:
Iabs = fabsPinc (3.3)
where fabs represent the absorbed fraction.
Radiometric eﬃciencies are either given in % or W/W (unit-less), photometric eﬃ-
ciencies are usually given in lm/W .
Since this work is a physical and preliminary study to produce a white light emitting
device based on the proposed crystals, I'll refer only to the intrinsic eﬃciency. It represents
the maximum eﬃciency obtainable from a future engineered device. Then its raw eﬃciency
will depend on the intrinsic eﬃciency and on the eﬃciency of the other components. This
value can be optimized to aid in ﬁnding the best design.
In order to calculate the intrinsic eﬃciency we need to know the fraction absorbed by
each sample and their emission luminescence in the region from 465 to 750 nm. In both
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cases the diﬀusive method presented by Rohwer and Martin (Roh05) with some changes
to adapt it to our experimental set-up is used. The technique is based on the excitation
of the samples with diﬀused light inside an integrating sphere.
The absorbed fraction was calculated in the sphere instead of a calculation based on
the measured absorption coeﬃcients since we wanted obtain a measurement independent
from the pump radiation direction. Inside the sphere in fact, the diﬀused light is absorbed
from the crystal for many diﬀerent optical paths and impinging on diﬀerent surfaces with
diﬀerent incident angles. This fact makes this measurement completely independent from
the sample geometry and for any kind of pumping design.
Absorbed fraction determination
In order to obtain the absorbed fraction, the Ar+ laser is ﬁltered by an Anaspec 300S
laser ﬁlter to eliminate plasma lines, then chopped and focused with a 10 cm focal lens
on a diﬀusing element inside the integrating sphere to create a uniform photon gas. The
sample behind the diﬀusing element is optically pumped by this gas. The radiation is
collected at 90◦ from the incident beam and a bae inside the sphere prevents the ﬁrst
reﬂection to hit directly the silicon detector (ﬁg. 3.9). For measuring the absorbed fraction
the diﬀused light is coupled out of the sphere with a short waveguide channel.
In order to select the laser radiation and to cut any possible emission other than the
laser scattering, the light is ﬁltered by a 458 nm interference ﬁlter (Edmund Optics 43060)
and by a dichroic blue ﬁlter (Edmund Optics 52530).
The Si detector is ampliﬁed by a lock-in ampliﬁer (SR 5100), triggered at the chopper
frequency. The signal is recorded with the sample inside the integrating sphere and
without the sample inside the integrating sphere. During this measurement the diﬀusing
element and the sample support are however mounted in the sphere.
With a beam splitter (BS) a fraction of the laser beam radiation is sent to a power
meter (PD-300-UV-SHN by Ophir) to check the pump laser stability between the mea-
surement with and without sample inside the sphere.
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Figure 3.9: Experimental set-up to measure the absorption fraction.
Pump laser and visible emission detection
The emitted visible signal and the incident signal are acquired with the same apparatus,
except for some small changes. In both cases the pump radiation at 457.9 nm is ﬁltered
by an Anaspec 300S laser ﬁlter to eliminate plasma lines, then chopped and focused with
a 10 cm focal lens on a diﬀusing element inside the integrating sphere to create an uniform
photon gas. The ﬂuorescence is collected by an optical ﬁber with 1 mm core diameter.
The ﬁber end is placed at the sphere window and is protected from the ﬁrst laser scattering
by a bae. The light coming out from the ﬁber is focused on the slits of the TRIAX
320 monochromator by a lens with a focal length of 7.5 cm. The ﬁlter Y46 (cut-oﬀ
wavelength 465 nm) is placed in front of the input slits of the monochromator to avoid
the laser radiation from coming inside the monochromator. The detector R1464 is placed
at the output slits of the monocrhomator and connected to the Stanford Research SR5100
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Figure 3.10: Experimental set-up to measure the isotropic emitted light and the incident
radiation spectra.
lock-in triggered at the chopper frequency. The emission spectra are then recorded on a
PC (ﬁg. 3.10 ).
For the measurement of the laser signal, the set-up is the same as described before,
but the Y46 ﬁlter is removed to allow for laser detection. Some neutral ﬁlter are also
added to reduce the power injected inside the integrating sphere when necessary.
The sample was placed inside the sphere for the ﬂuorescence measurements but was
removed when only the laser was investigated.
In order to correct the acquired spectra, the emission of a halogen lamp at 3000 K
(Oriel 6337) was collected. The lamp was chopped and focused in the diﬀusing disk inside
the sphere by a quartz lens with 10 cm focal length. The signal was recorded by the same
detection part of the apparatus in Fig. 3.10.

Chapter 4
Experimental characterization of the
white light emission
In this chapter all the measurements performed for spectroscopic and chromatic char-
acterization of the investigated samples are presented. In the ﬁrst part we report the
results regarding the absorption, the emission spectra, the estimation of the real Pr3+
concentration inside the crystals and the emission and absorption cross sections. The
calculated chromatic coordinates and the relative CCT (Correlated Color Temperature)
will be shown in the second part.
4.1 Spectroscopic characterization
In this section we'll report the absorption and the emission characterization of the studied
samples. In order to better compare the diﬀerent crystals, based on ref. (Ric08) and
ref. (Khi08), the real doping concentrations in the samples, the absorption and emission
cross sections have been calculated and presented in the last part of this section.
4.1.1 Absorption measurements
Room temperature absorption measurements are performed by a Cary 500 Spectropho-
tometer (see Sec. 3). Due to our interest on the visible transition from the 3H4 to the
3P2, 3P1+1 I6 and 3P0 the investigated wavelength range is from 420 nm to 500 nm. Each
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spectrum is automatically computer-corrected for the background signal obtained by the
spectrum acquisition of a blank spectrum. Inserting two polarizers on the reference and
on the sample beams, the diﬀerent crystal polarizations have been investigated. The po-
larizations refer to the relative direction between the incident electric ﬁeld polarization
and the crystallographic axes of each sample. The polarizations investigated for each
crystal are reported in tab. 4.1.
Crystal Pr3+ nominal polarization
doping level(%)
0.3 E‖a; E‖b
BaY2F8 1.25 E‖a; E‖b; E⊥a, b
3 E‖a; E‖b; E⊥a, b
KYF4 1.25 E‖a; E‖c
LiLuF4 1.25 E‖a; E‖c
KY3F10 0.3 E‖a
Table 4.1: Absorption polarizations acquired for each crystal.
Unfortunately since the 0.3% Pr3+:BaY2F8 surface, useful for the E⊥a, b, was smaller
than the CARY500 crystal support hole, this polarization has not been acquired.
The absorption coeﬃcients are obtained with the following relationship:
α(λ) =
A(λ)×loge(10)
d
, (4.1)
where d is the sample thickness and A(λ) the absorbance obtained from the CARY500
deﬁned as:
A(λ) = log10(
I0
I1
). (4.2)
I0 and I1 are the incident intensity on the sample and its transmitted intensity respec-
tively.
The absorption transitions of the Pr3+ ions in the investigated region (from 420 to 500
nm) are:
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• 3H4→3P0 around 480 nm;
• 3H4→3P1, 1I6, around 470 nm;
• 3H4→3P2, around 445 nm.
KY3F10
Since this crystalline cell has a cubic structure the absorption spectra are taken without
any polarizer on the two beams (E‖a). For this crystalline host matrix only one doping
level has been investigated: 0.3% Pr3+:KY3F10 . The absorption spectrum is reported
in ﬁgure 4.1. The wavelength resolution is 0.6 nm. The peak value for the 3H4→3P2
transition is 0.77 cm−1 at 446.2 nm, for the 3H4→3P1, 1I6 transition the peak value is
0.32 cm−1 at 470.8 nm and for the 3H4→3P0 one is 0.52 cm−1 at 482 nm instead. At
the wavelength of 457.9 nm relative to the used pump Argon line, the absorption value is
about 0.05 cm−1. The spectrum is quite broad, the narrowest line, corresponding to the
3P0 level, has a full width to half height of 1 nm.
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Figure 4.1: Room temperature polarized absorption spectra of 0.3% Pr3+:KY3F10 .
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KYF4
For the 1.25% Pr3+:KYF4 sample we collected the E‖c and E‖a polarizations. As better
explained in the following part, the concentration of the Pr3+ ions in the bulb can change
in the vertical and in the radial direction. Since we are interested on the dependence
of white light emission from the volume, we took care that the two investigated crystals
come from the same growth and the same vertical position of the grown bulb. The
absorption spectra are the same in both samples and in ﬁgure 4.2 we report the room
temperature absorption spectra of one of them. The wavelength resolution is 0.1 nm. In
this case the peak value of the 3H4→3P2 transition is 1.3 cm−1 for E‖c polarization at
441.6 nm, for the 3H4→3P1, 1I6 transition the peak value is 0.59 cm−1 at 465,14 nm for
E‖c polarization and at 474.8 nm for E‖a there is the peak value for the 3H4→3P0 equal
to 0.95 cm−1. At the wavelength of 457.9 nm relative to the pump Argon line that will be
used in the eﬃciency determination, the absorption value is about 0.25 cm−1. This value
is ﬁve times the absorbtion coeﬃcient of the 0.3% Pr3+:KY3F10 sample. Also the widths
of each transition line are diﬀerent. The KYF4 absorption spectrum is boarder than the
KY3F10 one in the regions of the 3P2 and 3P1 +1 I6 transitions but narrower for the 3P0
transition.
LiLuF4
The room temperature absorption spectra for the 1.25% Pr3+:LiLuF4 sample is shown
in ﬁgure 4.3. Since the unit cell of the LiLuF4 crystal is tetragonal, the acquired po-
larizations are E‖a and E‖c, as for the 1.25% Pr3+:KYF4 sample. The wavelength res-
olution is 0.1 nm. The absorption peak value of the 3H4→3P2 transition is 5.46 cm−1
for E‖c polarization at 443.9 nm, for the 3H4→3P1, 1I6 transition the peak value is
3.45 cm−1 at 468.7 nm E‖c polarization and for the same polarization at 479.2 nm, the
peak value for the 3H4→3P0 is equal to 12.9 cm−1. The absorption coeﬃcient at 457.9
nm is about 0.33 cm−1. The width of each absorption transition is narrower than the
Pr3+:KY3F10 andPr3+:KYF4 samples.
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Figure 4.2: Room temperature polarized absorption spectra of 1.25% Pr3+:KYF4 .
BaY2F8
For this crystal host matrix three diﬀerent Pr3+ nominal doping levels have been investi-
gated: 0.3 %, 1.25 % and 3 %. The wavelength resolution used in each sample investigation
is 0.2 nm.
The absorption spectra for the 3.0% Pr3+:BaY2F8 crystal are shown in Figure 4.4 for
three polarizations (E‖b, E‖a and E⊥a,b). For this sample the maximum peak absorption
values relative to each transition belong to the E‖b polarization. The absorption peak
value of the 3H4→3P2 transition is 13.45 cm−1 at 444.8 nm, for the 3H4→3P1, 1I6 transition
the peak value is 7.6 cm−1 at 468.4 nm and for the same polarization at 479.8 nm the
peak value for the 3H4→3P0 is equal to 14.0 cm−1. The absorption coeﬃcients at 457.9
nm are 1.99 cm−1, 1.53 cm−1 and 1.20 cm−1 for E‖b, E‖a and E⊥a,b respectively.
The absorption spectra for the 1.25% Pr3+:BaY2F8 crystal are shown in ﬁgure 4.5 for
three polarizations (E‖b, E‖a and E⊥a,b). As for the most heavily doped Pr3+:BaY2F8 sam-
ple, the maximum peak absorption values relative to each transition belong to the E‖b
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Figure 4.3: Room temperature polarized absorption spectra of 1.25% Pr3+:LiLuF4 .
polarization. The absorption peak value of the 3H4→3P2 transition is 3.6 cm−1 at 444.7
nm, for the 3H4→3P1, 1I6 transition the peak value is 1.99 cm−1 at 468.4 nm and for the
same polarization at 479.8 nm the peak value for the 3H4→3P0 is equal to 4.69 cm−1.
The absorption coeﬃcient at 457.9 nm are 0.5 cm−1, 0.45 cm−1 and 0.21 cm−1 for E‖b,
E‖a and E⊥a,b polarizations respectively.
Due to the dimension of the sample, for the 0.3% Pr3+:BaY2F8 crystal, only two po-
larizations have been acquired: E‖b and E‖a (ﬁg. 4.6 ). The maximum peak absorption
values belong to the E‖b polarization. The absorption peak value of the 3H4→3P2 transi-
tion is 1.49 cm−1 at 444.8 nm, for the 3H4→3P1, 1I6 transition the peak value is 0.83 cm−1
at 468.4 nm and for the same polarization at 479.8 nm the peak value for the 3H4→3P0 is
equal to 1.99 cm−1. The absorption coeﬃcient at 457.9 nm are 0.2 cm−1 and 0.14 cm−1
for E‖b and E‖a respectively.
For every Pr3+:BaY2F8 samples the spectra result is more narrow than for the Pr3+:KYF4 and
Pr3+:KY3F10 but broader than in the Pr3+:LiLuF4 sample.
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Figure 4.4: Room temperature polarized absorption spectra of 3% Pr3+:BaY2F8 .
Looking at the Pr3+:BaY2F8 absorption coeﬃcients at the same wavelength for each
diﬀerent doping level, it is possible to note that the nominal doping ratio is not reﬂected
in the acquired data. For the same polarization at 444.8 nm, looking at the highest doped
sample (3 %), if the real doping inside the crystal respects the proportions of the nominal
one, the 1.25 % Pr3+:BaY2F8 absorption coeﬃcient would have been about 0.417 times
the 3 % Pr3+:BaY2F8 one.
From the experimental data instead the 1.25 % doped has a absorption coeﬃcient
0.26 times the 3% one.
In order to check the absorption of the investigated sample the absorption spectrum of
an other 1.25 % Pr3+:BaY2F8 sample from a diﬀerent part of the bulb has been performed.
This sample has been cut, polished and investigated. Their room absorption spectra
between 435 nm and 455 nm (3H4→3P2) for the E‖a and E‖b polarizations are reported
in Figure 4.7 where sample 1 is referred to the sample presented before while sample 2
refers to the second sample used to compare the absorption. The same check has been
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Figure 4.5: Room temperature polarized absorption spectra of 1.25% Pr3+:BaY2F8 .
done for the 3 % Pr3+:BaY2F8 crystal (ﬁg. 4.8). Also in this case the sample 1 is the 3 %
Pr3+:BaY2F8 presented before while sample 2 to the sample used for the comparison.
As for the 1.25 % Pr3+:BaY2F8 like the 3.0 % Pr3+:BaY2F8 sample, the absorption
coeﬃcients relative to the same Pr3+ concentration are diﬀerent. This fact can be ex-
plained by a gradient in the Pr3+ real concentration inside the crystal growth vertical
direction. For this reason in this thesis I'll refer only to the nominal doping of the crystals
corresponding to the Pr 3+ powders inserted in the crucible to start the growth. In the
1.25 % Pr3+:BaY2F8 and in the 3 % Pr3+:BaY2F8 , the diﬀerent ratio between the two
polarizations for sample 1 and sample 2 could be due to the experimental error in the
orientation and cutting procedure.
A deeper study of the dependence of the absorption spectrum and the position of the
sample on the bulb could be very interesting. However in our case there is not a measured
position on the bulb of the obtained samples.
From all the acquired absorption spectra the highest absorption at 457.9 nm (pump
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Figure 4.6: Room temperature polarized absorption spectra of 0.3% Pr3+:BaY2F8 .
wavelength, Argon laser) belongs to the Pr3+:LiLuF4 sample. However this sample is
characterized by very narrow lines. In fact the sample with the most broad spectrum is
the Pr3+:KYF4 . These two parameters are fundamental in selecting the best material for
a future lighting application. A high absorption means that a large part of the incident
radiation is absorbed. A broad spectrum means to have more freedom in the pump laser
source chosen.
Conclusion
Looking at the absorption coeﬃcients obtained from the absorption spectra, the best
candidate to be used in a light emitter pumped at 457.9 nm is the 3% Pr3+:BaY2F8 sam-
ple with an average absorption coeﬃcient around 1.6 cm−1. This value is in any case
strictly correlated to the doping level of the sample. Concerning the spectrum shape, the
KYF4 sample has, in the blue region (around 444 nm), the broadest spectrum. It means
that a larger tuning of the wavelength is possible, which will help in selecting the most
eﬃcient pump available.
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Figure 4.7: Room temperature polarized absorption spectra of two 1.25%
Pr3+:BaY2F8 samples from the same growth but at diﬀerent vertical positions in the
bulb.
4.1.2 Visible emission spectra
In order to acquire the ﬂuorescence spectra of the studied samples we used the set-up
previously described. From the absorption spectra presented before it is easy to notice that
the selected Argon pump line (457.9 nm) doesn't correspond to an absorption maximum,
but among all the possible wavelengths available by our pump source in the blue region
it was the closest to one absorption peak. The used grating was 1200 gr/mm with a
dispersion equal to 2.64 nm/mm. The ﬂuorescence spectra are acquired cutting the blue
laser excitation by a Y46 ﬁlter for the 0.3 % Pr3+:KY3F10 , 1.25 % Pr3+:KYF4 and the
1.25 % Pr3+:LiLuF4 samples. For the Pr3+:BaY2F8 with nominal doping level between
0.3 % and 3 %, the pump laser radiation is removed during the analysis data after the
acquisitions.
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Figure 4.8: Room temperature polarized absorption spectra of two 3% Pr3+:BaY2F8 sam-
ples from the same growth but at diﬀerent vertical positions in the bulb.
KY3F10 , KYF4 and LiLuF4
The intensity of the laser light used during the measurement was constantly monitored and
kept constant at around 60 mW by proper neutral ﬁlters for each sample. The wavelength
resolution is 0.13 nm obtained with an acquisition step equal to 0.04 nm and setting the
monochromator slits to 0.05 mm. The spectra are corrected for the spectral response
of the system using a halogen lamp at 3000 K, as the black body source as previously
described.
A ﬁlter of 15.7 % nominal transmission is inserted before to avoid to having to much
incident power in the sample for the 0.3 % Pr3+:KY3F10 crystal ﬂuorescence spectra.
The investigated wavelength range is from 465 nm to 740 nm. For the unit cell char-
acteristic, the unpolarized emission is investigated. In ﬁgure 4.9 we show the 0.3 %
Pr3+:KY3F10 emission spectra.
The visible emission for both the 1.25 % Pr3+:KYF4 samples were measured and
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Figure 4.9: Room temperature emission spectra of 0.3% Pr3+:KY3F10 sample.
by comparing spectra of the same polarization, the two samples exhibited very similar
spectra. In ﬁgure 4.10 we show the polarized emission spectra (E‖a and E‖c) in the visible
region only for one of the two samples, the larger one. The investigated wavelength range
is from 465 nm to 770 nm. The nominal transmission of the neutral ﬁlter inserted before
the sample is 40 %.
The investigated polarizations for the 1.25 % Pr3+:LiLuF4 sample, E‖c and E‖a, are
reported in ﬁgure 4.11. The investigated wavelength range is from 465 nm to 740 nm. To
obtain these spectra a 5 % nominal transmission neutral ﬁlter was used.
BaY2F8
The emission spectra for all the Pr3+:BaY2F8 samples are acquired without the Y46
ﬁlter before the monochromator removing the laser radiation during the analysis data to
calculate the CIE coordinates. The investigated wavelength range is from 360 nm to 830
nm. In the reported spectra, I only show the emission between 465 nm and 750 nm, since
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Figure 4.10: Room temperature emission spectra of 1.25 %% Pr3+:KYF4 sample.
no signal is present at longer wavelengths. On the contrary, for the LiLuF4 , KY3F10 and
KYF4 emission spectra, the acquisition step is 1 nm, and the monochromator slits are
1.25 mm. The wavelength resolution is 3.3 nm. This resolution is not enough to totally
resolve the narrow Pr3+ emission spectrum, but we veriﬁed that the CIE coordinates
do not change with diﬀerent spectrum resolution. The Argon pump power at 457.9 nm
without any neutral ﬁlter is 180 mW. A neutral ﬁlter with a nominal transmission of
0.52 % is inserted to attenuate the incident power for the 0.3 % and 1.25 % Pr3+ doped
BaY2F8 samples, obtaining 80 µW incident power. For each sample the E‖b and E⊥a, b
are acquired. The emission spectra of the 0.3 % Pr3+:BaY2F8 and 1.25 % Pr3+:BaY2F8 ,
for 457.9 nm pump wavelength, are shown in ﬁgure 4.12 and ﬁgure 4.13 respectively. In
order to investigate the dependence of the CIE chromatic coordinates from the incident
power on the 3 % Pr3+:BaY2F8 emission spectra are acquired for two diﬀerent incident
pump powers: 80 µW and 120 µW (ﬁg. 4.14).
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Figure 4.11: Room temperature emission spectra of 1.25 %% Pr3+:LiLuF4 sample.
Conclusion
All the emission spectra for the rare earths have characteristic atomic-like spectra. The
emission of each sample is a narrow line emission. The emission signal is not or partially
present in the regions between 500 and 520 nm, 550 and 575 nm, 650 and 675 nm. The
green emission part is always many times lower compared to the peaks at 478 nm and in
the 650 nm region.
This narrow emission is not a limit for the application of these materials on the lighting
ﬁeld, in fact white light sources characterized by a narrow emission spectrum are in the
market like the Neon lamp. As for the absorption spectra the KYF4 sample presents the
broadest emission spectrum.
Comparing the emission spectrum of 1.25 % Pr3+:KYF4 (Fig. 4.10) with the emission
spectra of the other samples the presence of a line at 594 nm is evident. This line
(E = 16835 cm−1) is assignable to the emission from the level 1D2 to the 3H4 of the Pr3+
ion. The population of this level can be activated by the radiative or non radiative decay
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Figure 4.12: Room temperature emission spectra of 0.3 % Pr3+:BaY2F8 sample.
from the level 3P0 or a possible energy transfer between the doping ions. Since the phonon
energy of the KYF4 is very similar to the phonon energy of the other investigated crystals
(tab. 3.1) a completely non radiative transition between the 3P0 and the 1D2 level is not
probable. It is more likely that the ill deﬁned structure of the KYF4 composed of two
diﬀerent Y 3 sites makes the energy transfers to populate the 1D2 more probable.
4.1.3 Distribution coeﬃcient, absorption and emission cross sec-
tion estimation.
Due to the atomic properties the concentration of Pr ions in the melt and inside the
crystal can be very diﬀerent. Using the ref. (Ric08) and (Khi08) we'll carry out in this
section the distribution coeﬃcient of each sample and its absorption and emission cross
sections comparing the obtained results with the published ones.
Basing on the absorption cross section it is possible to calculate the concentration
using the following formula:
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Figure 4.13: Room temperature emission spectra of 1.25 % Pr3+:BaY2F8 sample.
σabs =
1
Dt
loge
I0
I
, (4.3)
where I0 is the background spectrum, I the intensity transmitted by the crystal, D is
the doping level and t is the thickness of the sample. Comparing eq.4.3 with eq.4.1 we
obtained:
σabs =
α
D
, (4.4)
In order to obtain the real concentration of the doping ion in the crystal, we used
like reference absorption cross sections reported in ref. (Ric08) (BaY2F8 , LiLuF4 and
KY3F10 ) and in ref. (Khi08) (KYF4 ). The obtained values are reported in Table 4.2.
Looking at tab. 4.2 the published and the calculated are not fully in agreement. Their
diﬀerence, from 0.1 to 0.2, is comparable with the diﬀerence obtained between the sample
1 and the sample 2 (table 4.3) for the 1.25% Pr3+:BaY2F8 and the 3% Pr3+:BaY2F8 (ﬁg.
4.7 and ﬁg. 4.8 respectively).
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Figure 4.14: Room temperature emission spectra of 3 % Pr3+:BaY2F8 sample for 80 µW
and 120 µW incident powers.
Crystal Pr3+ nominal Pr3+ inside Keff Keff
concentration (%) the crystal (%) (literature)
0.3 0.2 0.7
BaY2F8 1.25 0.51 0.4 0.4-0.5
3 1.89 0.6 (Ric08)
KYF4 1.25 0.6 0.4 -
LiLuF4 1.25 0.36 0.3 0.1-0.2
(Ric08)
KY3F10 0.3 0.2 0.7 0.5
(Ric08)
Table 4.2: Calculated distribution coeﬃcients for the investigated samples.
However, since the value of the real concentration in the crystals determined in an
indirect way we will continue referring to the nominal doping concentration of each sample.
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Pr3+ nominal Pr3+ inside Keff
concentration (%) the crystal (%)
sample 1 1.25 0.51 0.4
sample 2 1.25 0.42 0.5
sample 1 3.0 1.89 0.6
sample 2 3.0 1.52 0.5
Table 4.3: Calculated distribution coeﬃcients for the sample 1 and sample 2 of 3 % and
1.25 % Pr3+:BaY2F8 crystal (ﬁg. 4.8 and ﬁg. 4.7.
From the real doping concentration and the acquired absorption spectra it is now
possible to calculate the absorption cross sections by the eq. 4.3. The obtained spectra
for the Pr3+:KY3F10 , Pr3+:KYF4 , Pr3+:LiLuF4 are reported in ﬁg. 4.15, ﬁg. 4.17 and
ﬁg. 4.16 respectively. Instead to report all the samples of Pr3+:BaY2F8 only the 3%
Pr3+:BaY2F8 is reported in ﬁg. 4.18.
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Figure 4.15: Absorption cross section of 0.3 % Pr3+:KY3F10 .
In table 4.4 the peak values of the calculated absorption cross sections are given.
The Pr3+:LiLuF4 absorption cross section is the most intense with a maximum at
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Figure 4.16: Absorption cross section of 1.25 % Pr3+:KYF4 .
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Figure 4.17: Absorption cross section of 1.25 % Pr3+:LiLuF4 .
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Figure 4.18: Absorption cross section of 3 % Pr3+:BaY2F8 .
479.20 nm of 24.91×10−20cm2. However all the crystals show a high peak around 444 nm.
This region is useful for systems pumped by blue LD. At the wavelength of Argon (457.9
nm) the cross section is not so high and this of course aﬀects the eﬃciency of any future
devices of white light emission using this kind of pump source.
From the emission spectra and the radiative time collected in literature (Ric08; Khi08)
(τR = 50 µs for the Pr3+:LiLuF4 , τR = 48 µs for the Pr3+:KY3F10 , τR = 54 µs for the
Pr3+:KYF4 and τR = 47 µs for the Pr3+:BaY2F8 ) it is possible to calculate the emission
cross section using the Füchtbauer-Ladenburg formula:
σemiss =
Ip(λ)λ
5
8pi
3
n2c
∑
p
∫
Ip(λ)dλτR
, (4.5)
where I(λ) is the experimental intensity as a function of the wavelength λ, c is the
speed of the light, n is the refractive index, τR is the radiative lifetime and the sum is
over the possible polarization of the emission.
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crystal wavelength (nm) σabs polarization transaction
(10−20 cm2)
KY3F10 442.2 1.59 3H4→3P2
446.2 2.56 3H4→3P2
467.6 0.83 3H4→3P1
470.8 1.09 3H4→3P1
482.0 1.69 3H4→3P0
LiLuF4 440.8 4.26 E‖a 3H4→3P2
443.9 10.47 E‖c 3H4→3P2
468.7 6.74 E‖c 3H4→3P1
479.2 24.91 E‖c 3H4→3P0
BaY2F8 439.9 2.59 E⊥a, b 3H4→3P2
444.7 5.4 E‖b 3H4→3P2
459.1 1.0 E‖b 3H4→3P1
465.6 1.68 E‖b 3H4→3P1
468.5 3.02 E‖b 3H4→3P1
479.8 5.62 E‖b 3H4→3P0
KYF4 433.8 1.59 E‖c 3H4→3P2
441.6 2.01 E‖c 3H4→3P2
465.1 0.94 E‖a 3H4→3P1
468.2 0.82 E‖a 3H4→3P1
474.8 1.51 E‖a 3H4→3P0
477.3 1.29 E‖a 3H4→3P0
480.3 0.76 E‖c 3H4→3P0
Table 4.4: Peak absorption cross-sections of the 3H4 level to the 3P -manifold.
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The obtained emission cross section for the Pr3+:KY3F10 , Pr3+:KYF4 , Pr3+:LiLuF4 ,
and Pr3+:BaY2F8 are reported in ﬁg. 4.19, 4.20, 4.21 and 4.22 respectively.
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Figure 4.19: Emission cross section of 0.3 % Pr3+:KY3F10 .
The peak of the calculated emission cross section are reported in table 4.5. The low
resolution of the emission spectra for the three Pr3+:BaY2F8 samples can bring some
uncertainty in the emission cross section value.
The Pr3+:LiLuF4 and the Pr3+:BaY2F8 present a very high emission cross section
compared with the other samples. The Pr3+:LiLuF4 has its emission peak at 640 nm
with an emission cross section of 28.44×10−20 cm2. The Pr3+:BaY2F8 peak is at 608 nm
with 24.66×10−20 cm2. However the low resolution used makes the peak value and the
relative wavelength uncertain. Like in the case of absorption, the emission transitions of
Pr3+:LiLuF4 is more polarized than the other samples.
The Pr3+:KYF4 is characterized by a very broad spectrum very useful to lighting
application, however its emission cross section is very low compared with the other inves-
tigated samples. Also in the emission cross sections carry out from the acquired spectra,
the emission line relative to the 1D2→3P0 is evident with a cross section of 14.06×10−20
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Figure 4.20: Emission cross section of 1.25 % Pr3+:KYF4 .
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Figure 4.21: Emission cross section of 1.25 % Pr3+:LiLuF4 .
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Figure 4.22: Emission cross section of 3.0 % Pr3+:BaY2F8 .
cm2 at 594.2 nm (1D2→3H4).
All the crystals show a very weak emission in the green region, between 520 nm to 565
nm. The Pr3+:BaY2F8 has the highest emission cross section: 2.99×10−20 cm2 at 553 nm
(3P0→3H5) and 2.46×10−20 cm2 at 524 nm (3P1→3H5).
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crystal wavelength (nm) σemiss polarization
(10−20 cm2)
KY3F10 482.4 7.30
610.4 8.93
645.3 10.43
700.1 2.86
719.9 6.25
729.3 2.98
731.2 2.83
735.2 2.62
LiLuF4 479.6 18.83 E‖c
604.5 8.02 E‖c
607.5 15.11 E‖a
640.3 28.44 E‖a
696.3 4.22 E‖a
719.6 6.16 E‖a
721.6 5.13 E‖c
BaY2F8 481 7.6 E‖b
608 24.66 E⊥a, b
639 8.28 E⊥a, b
643 7.3 E‖b
720 10.92 E‖b
KYF4 475.3 9 E‖a
480.9 4.9 E‖a
483.4 4.32 E‖c
495.7 2.55 E‖a
594.2 14.66 E‖a
605.9 11.38 E‖a
642.2 7.27 E‖c
720.9 17.84 E‖a
Table 4.5: Peak emission cross-sections.
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4.2 CIE chromatic coordinates and correlated color tem-
perature CCT
As described in chapter 2 the CIE coordinates have been calculated using the 1931 color-
matching functions (Bra95; cvrl) using eq. 2.2 to obtain the three standard primariesX, Y
and Z and eq. 2.3 for the chromatic coordinates x, y and z. The color matching functions
x, y and z used in the tristimulus value determination are sampled every 1 nm, between
360 nm and 830 nm. The E(λ) in eq. 2.2 is the acquired emission signal. The total
unpolarized emission signal is obtained by averaging all the experimental emission spectra
over their polarization. The integral interval taken into account for the tristimulus value
was from 465−740 nm. The reduction of the integral range can lead to an underestimation
of the tristimulus values. In our case, no signiﬁcant emission is present at wavelengths
shorter than 465 nm and longer than 740 nm and the color matching functions have a
very low relative contribution. For these reasons we estimated (and veriﬁed) that the use
of a reduced wavelength range in the calculus does not aﬀect the results of the tristimulus
values.
The values obtained for the CIE coordinates are reported in table 4.6 for every sample.
The chromatic coordinates for an incandescent lamp at a temperature T=2800 K (a
standard value for a standard lamp) and for a Neon lamp are shown to compare our
results with these commercial sources. The last column on tab. 4.6 refers to the sample
label used to individuate every point in the chromatic diagram. Two labels are used for
the Pr3+:KYF4 crystal corresponding to the two samples with identical composition and
diﬀerent geometrical dimension: the larger is identiﬁed by the D letter while the smaller
by E. The CIE chromatic diagram with all the (x,y) points is shown in ﬁg. 4.23.
All the samples we investigated show CIE coordinates close to the white point (0.33,0.33).
The samples that show CIE coordinates closest to the "perfect white" point are the 0.3 %
Pr3+:BaY2F8 and the 1.25 % Pr3+:KYF4 with (0.35, 0.32) and (0.35, 0.31), respectively.
However one can notice that the coordinates of the incandescent and Neon lamp are(0.45,
0.41) and (0.37, 0.37) therefore the other samples can also be considered good candidates
for the lighting application. In fact CIE coordinates are not the only important parameter
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Source Pr3+ nominal CIE coordinates label
doping level (%) (x,y)
0.3 (0.35, 0.32) A
BaY2F8 1.25 (0.38, 0.34) B
3 (0.40, 0.34) C
KYF4 1.25 (0.35, 0.31) D, E
KY3F10 0.3 (0.37, 0.32) F
LiLuF4 1.25 (0.45, 0.34) G
Incandescent lamp  (0.45, 0.41) L
Neon lamp  (0.37, 0.37) N
Table 4.6: Chromatic coordinates for every investigated sample and for two commercial
available sources: an incandescent lamp (L) and a Neon lamp (N).
Figure 4.23: Chromatic diagram with the calculated CIE coordinates of each studied
sample.
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for the characterization of a possible light source. For example the CCT are calculated
both according to the McCarny approximation (McC92; McC93) and both according to
the most recent method developed by Javier Hernández-Adrés, Raymond L.Lee and Javier
Romero (HA99). The MacCarny, the Hernández-Adrés and other methods are introduced
in the appendix B. The values obtained and the corresponding points in the CIE diagram
are reported in table 4.7. As one can notice, the values obtained from the two methods
are in agreement and within the experimental error of about 5 %. The largest discrepancy
is obtained for sample G (6.25 %) but in this case the CCT is also the lowest. In fact it
is well known that both methods rely on a series of approximations that make the result
less reliable when the color temperature is lower than about 3000 K.
In table 4.8 we report the CCTs and the chromatic coordinates for some standard
emitters to be used for comparison with our results. The principal commercial light
emitters chromatic features are shown in tab 4.9.
Since when a body is heated up, its light goes through red, orange, yellow, white and
ﬁnally blue as it becomes hotter and hotter, the CCT temperature gives an important
parameter to understand the color of emitted light. The CCT temperature is deﬁned warm
below the 3300 K (red), intermediate from 3300 K to 5300 K and cold over 5300 K (blue).
In our sample the CCT never exceeds the 4700 K (tab. 4.7) and this is a quantitative
indication of the slight pinkish color of all the samples we measured. Looking at table
4.7 the samples that fall in the intermediate interval are the Pr3+:BaY2F8 , doped at
the 1.25 % and at the 0.3 %, the 1.25 % Pr3+:KYF4 and the 0.3 % Pr3+:KY3F10 . The
KYF4 crystals and the 0.3 Pr3+:BaY2F8 are fully in this interval. From the CCT it is
possible to proceed in the CRI calculus. In our case the investigated samples present a
fairly constant CRI between 20 and 30. This range of CRI values is very low compared
with the modern phosphor converter LEDs, like YAG:Ce (∼75) and ﬂuorescent lamp (49-
92), but is really comparable with the CRI of the low pressure sodium (∼5), high pressure
sodium (24) and clear mercury-vapor (17) (usepa97).
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Source Pr3+ nominal CCT (◦K) CCT (◦K) label
doping level (%) (McCamy (McC93)) ( Hernández-Adrés et al. (HA99))
0.3 4667 4731 A
BaY2F8 1.25 3724 3771 B
3 3158 3191 C
KYF4 1.25 4604 4689 D, E
KY3F10 0.3 3861 3942 F
LiLuF4 1.25 2162 2037 G
Table 4.7: Correlated color temperature for every investigated sample.
4.3 Summary and Discussion
In this chapter the spectroscopic measurements to characterize the white light emission
of our crystals are reported. In the ﬁrst part I presented the polarized absorption spectra
useful for the selection of excitation pump wavelength. From these spectra we can conclude
that the best pump laser wavelength for our application is around 444 nm. For our sample
characterization we used as a pump source the Argon laser available in our laboratories
at 457.9 nm because the absorption coeﬃcient values for that wavelength are very low.
The 1.25 % Pr3+:KYF4 samples present a very large spectrum around 444nm. This fact
yields the ﬂexibility in the pump source selection to construct a new eﬃcient device.
In order to explain the disagreement between the nominal doping concentration of
each sample and the relative measured absorption coeﬃcients I reported the absorption
spectra for samples of diﬀerent vertical positions on the same bulb. From these spectra a
dependence of the Pr3+ eﬀective doping concentration from the vertical position is shown.
In the last part of this chapter an estimation of the doping level inside the crystal will be
analyzed.
Using the ref. (Ric08) and ref. (Khi08) I calculated the distribution coeﬃcients of the
Pr3+ in the investigated samples. The obtained values are in partial agreement with the
literature and their diﬀerences can be due to a doping gradient in the vertical growth
direction. To compare in the best way the obtained values and the published ones their
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Description CIE Coordinates Color Temperature
(x,y)
Incandescent light (0.4476, 0.4075) 2854 K
Direct sunlight (0.3840, 0.3516) 4874 K
Indirect sunlight (0.3101, 0.3162) 6774 K
Bright incand. light (0.3457, 0.3586) 5000 K
Natural daylight (0.3127, 0.3297) 6504 K
Normalized reference (0.3333, 0.3333) 5500 K
Table 4.8: CIE Standard illuminants (Nav97).
vertical positions in the bulb have to be known.
The absorption and emission cross sections have been calculated from the real concen-
tration of doping ions inside the crystals and the radiative lifetimes found in the literature.
From the emission spectra, based on the CIE theory presented in Chapter 2, the CIE
chromatic coordinates are calculated and reported in this section. From these values the
corresponding correlated color temperatures are calculated using the McCamy (McC92;
McC93) and the Javier Hernández-Adrés et al. (HA99) approximations (appendix B).
Using a reference source with the same CCT the CRI index for the samples has been
found to be fairly constant for each crystal with values between 20 and 30.
As previously discussed the CIE coordinates calculated for all the samples fall close
to the white point (0.33, 0.33) on the CIE chromatic diagram. The results obtained from
these measurements are very promising and comparable with the more common light
sources: incandescent and neon light reported in tab. 4.6. The correlated color tempera-
ture values follow the CCT range of the most common ﬂuorescence lamps (http://www.lsi-
industries.com/media/2353/Fluorescent%20Light%20Source%20Color%20Charts.pdf)
Both in the CIE coordinates and in the CCT calculations the pump radiation is not
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Classiﬁcation Material color CIE coordinates
(x,y)
LED InGaN/YAG white:6500K (0.31, 0.32)
InGaN blue (0.13, 0.08)
InGaN blue-green (0.08, 0.40)
InGaN green (0.10, 0.55)
InGaN green (0.17, 0.70)
GaP:N yellow-green (0.45, 0.55)
AlInGaP yellow-green (0.45, 0.54)
AlInGaP yellow (0.57, 0.43)
AlInGaP red (0.70, 0.30)
GaAlAs red (0.72, 0.28)
Incandescent lamp W-ﬁlament white:2856K (0.45, 0.41)
Fluorescence lamp phosphor white:6500K (0.31, 0.33)
OLED low voltage white (0.29, 0.31)
OLED long lifetime tandem white (0.33, 0.35)
OLED high-eﬃciency tandem white (0.29, 0.32)
Table 4.9: Chromatic characterization of the principal commercial white light sources
(KB98) and Kodak catalogue.
taken into account. We decided to cut this line in order to be in the same hypothetical
working condition of a future device, where the halo eﬀect has to be minimized. Since the
signal of the laser in the BaY2F8 samples can be considered as a narrow line, where edges
do not aﬀect the CIE coordinates for this crystal calculations, where the pump radiation
has been cut after the spectra acquisition. Instead, for the other samples the contribution
of laser edges resulted in a non-negligible eﬀect as compared with the emitted signal. Here
the pump source was cut during the acquisition by the Y46 ﬁlter.
Looking at the CIE coordinates the best candidate for a future lighting application
from this ﬁrst chromatic characterization is the 0.3 % Pr3+:BaY2F8 sample with (0.35,
0.32) chromatic coordinates. However, as with the other sample, it was not so far from
the white point: the most far point is the 1.25 % Pr3+:LiLuF4 with (x,y) equal to (0.45,
0.34). Anyway, these coordinates are still comparable with those of an incandescent lamp
(0.45, 0.41). The 1.25 % Pr3+:KYF4 produced chromatic coordinates values (0.35, 0.31)
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were comparable with the 0.3 % Pr3+:BaY2F8 sample. However, both the absorption and
the emission spectrum of the Pr3+:KYF4 are boarder than the other. This could be an
advantage to create a very uniform white light source.
From the emission spectra it is possible to notice also that all the samples are char-
acterized by a narrow emission spectrum due to the atomic-like lines of the transition
between 4f levels in the rare earth ions (chapter 2). However these narrow emission spec-
tra are very similar to the more commonly used ﬂuorescent lamp. In ﬁg. 4.24 I compared
the emission spectra for the 1.25 % Pr3+:LiLuF4 and the 1.25 % KYF4 with the emission
of a commercial Neon lamp. Also the calculated CRI for each sample are low compared
to commercial light source but comparable with the CRI of low pressure sodium, clear
mercury-vapor and high pressure sodium lamps. However in 2007, CIE reviews the appli-
cability of the CIE color rendering index to white LED light sources based on the results of
visual experiments. New methods for assessing the color properties of white-light sources
used for illumination, including solid state light sources, are currently investigated with
the goal of recommending new assessment procedure (CIE07; Luo08). In any case until
there is a new method to characterize the white light solid state sources, the CRI will
continue to be used as a standard measurement.
To obtain a broader emission spectrum, a possible solution is to incorporate in the same
host, crystalline matrix or glass, powders of diﬀerent crystals doped with Pr3+. In this way,
the diﬀerent shift in the Pr3+ energy levels caused by the diﬀerent external crystal ﬁeld
can produce a boarder emission spectrum. A hypothetical spectrum of the combination of
the diﬀerent studied crystals obtained as the normalized sum of the normalized emission
spectra is reported in ﬁg. 4.25. However, since the shift due to the crystalline ﬁeld is
not so large to cover a wavelength region without any emission line, we could insert also
other doping rare earth ions with emission in the missed interval. Looking at the emission
spectra ions emitting in the green region like Erbium are suggested.
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Figure 4.24: Emission unpolarized spectra for the 1.25 % Pr3+:BaY2F8 , the 1.25 %
Pr3+:LiLuF4 and a commercial neon lamp.
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Figure 4.25: Normalized sum of the normalized intensity of the emission spectra for
Pr3+:BaY2F8 , Pr3+:KYF4 , Pr3+:KY3F10 and Pr3+:LiLuF4 crystal.

Chapter 5
Intrinsic eﬃciency measurements
In the previous chapter we analyzed the chromatic features of the investigated samples.
In this chapter we will measure their intrinsic eﬃciency.
The intrinsic eﬃciency determination can be divided into two main parts: the absorbed
fraction and the acquisition of the laser and emission signal. This chapter will follow the
same scheme. First of all, the results for the absorbed fraction will be shown, then the
emission measurement and ﬁnally the obtained intrinsic eﬃciency values.
5.1 Incident absorbed fraction measurements
As previously explained in the experimental description section, the absorbed light frac-
tion is not calculated from the absorption coeﬃcients, but measured directly using the
Rohwer and Martin (Roh05) method.
The experimental apparatus used for this measurement is described in ﬁg. 3.9. The
457.9 nm line of the Argon laser in the single line regime is used as the excitation source.
The laser is modulated in frequency at 180 Hz by a mechanical chopper.
The absorbed fraction is calculated by the following equation:
fabs =
I0 − Is
I0
(5.1)
where Is is the signal from the phototube when the sample is placed inside the integrating
sphere and I0 is the measured signal when there is no crystal inside the sphere. To compare
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Pr3+ nominal Sample fabs (%)
doping level (%)
0.3 BaY2F8 
1.25 BaY2F8 2.4
3.0 BaY2F8 4.5
1.25 KYF4 (D) 0.96
1.25 KYF4 (E) 0.86
0.9 KY3F10 
1.25 LiLuF4 1.4
Table 5.1: Calculated absorption fraction of each sample.
these two measurements the incident power has to be the same. To avoid changes in the
measured values great care is taken to put the sample and the diﬀusing element always
in the same position in the integrating sphere. The variation of the signal connected to
their position can be due to a small non-uniformity in the diﬀusing surface cover.
With this set up the absorbed fraction by the 0.3 % Pr3+:BaY2F8 and the 0.3 %
Pr3+:KY3F10 are not measurable since the diﬀerence of the signal with or without sample
is smaller than the minimum detectable diﬀerence (0.05 mV). The absorbed fraction for
the remaining samples are reported in table 5.1. Due to the diﬀerent volumes, the two
samples of Pr3+:KYF4 present diﬀerent absorbed fractions and are reported separately in
the table 5.1.
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5.1.1 Conclusion
In this part, I reported the measured absorbed fraction for each investigated sample.
These values will be used in the calculation of the intrinsic eﬃciencies. Due to the low
absorption at the pump wavelength and the many parameters present, the absorbed frac-
tion measurement represented one of the most diﬃcult aspects related to the intrinsic
eﬃciency measurement. During this measurement we took care that all of the settings,
like the position of the samples inside the sphere, were maintained at the same values.
The low values that we obtained are understandable when looking at the low absorption
at the selected pump wavelength from the absorption spectra. Looking at the sample with
diﬀerent volumes it can be noted that their absorbed fraction are not proportional to their
volumes. The two samples, in fact, are cut without maintaining the proportion between
the diﬀerent sides. Therefore, the optical paths of the incident light in each direction
inside the sphere are not proportional and this aﬀects the total absorbed fraction. For
the lowest doped samples (0.3 % Pr3+:BaY2F8 and 0.3 % Pr3+:KY3F10 ) the sensitivity
of our apparatus didn't permit us to obtain any reliable values for the absorbed fraction.
We repeated these measurements many times to carry out the error (3%) and to check
the their repeatability ﬁnding errors comparable with the acquired signals. The diﬀerence
between the sample with the same nominal doping level are not due only to the diﬀerent
host materials but are related also to their geometrical shape.
5.2 Visible emission and incident laser spectra deter-
mination
Since we are interested in the total emitted light we didn't use the already presented
emission spectra. In fact, they refer to a small portion of the total solid angle emission.
The experimental apparatus used for the visible emission acquisition to calculate the
intrinsic eﬃciency has been described in 3.3.2. The visible emission measurement has been
performed only for the samples for which it has been possible to measure the absorbed
fraction in order to determine the intrinsic eﬃciency of the investigated samples. This
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means that the 0.3 % Pr3+:BaY2F8 and the 0.3 % Pr3+:KY3F10 samples are not taken
into account here.
The ﬂuorescence spectra are obtained from 465 to 750 nm with monochromator slits of
0.1 mm and 0.08 nm step in order to solve each emission line. The consequent wavelength
resolution is 0.26 nm. The laser radiation is cut by the Y46 ﬁlter.
The acquisition wavelength range for the excitation laser spectra, acquired without
sample inside the sphere and selected by an interferential ﬁlter, is from 450 nm to 470
nm. The monochromator setting is the same used for the visible emission but the power
is now attenuated by a couple of neutral ﬁlters, with nominal transmission value of 0.09 %
and 39.73 %. The laser spectrum is recorded every time before inserting a new sample in
the integrating sphere.
The obtained emission spectra for the 1.25 % Pr3+:BaY2F8 , 3 % Pr3+:BaY2F8 , 1.25 %
Pr3+:LiLuF4 and 1.25 % Pr3+:KYF4 are shown in ﬁg. 5.1, ﬁg. 5.2, ﬁg. 5.3 and ﬁg. 5.4
respectively. The D and E of 1.25 % Pr3+:KYF4 have the same emission shape so only
one of the emission spectra relative to sample D is reported. As an example, the laser
radiation acquired with the same resolution used for the ﬂuorescence measurements, is
reported in ﬁg. 5.5.
In order to obtain a total intensity in arbitrary units for the emission and the laser
signal, their spectra are integrated:
I(λ) =
∫
S(λ)dλ, (5.2)
where S(λ) is the acquired spectrum. The integrating interval for the emitted signal
is from 465 nm to 720 nm. Also if there is still ﬂuorescence after 720 nm the color
matching functions (x, y and z) are really very low, so it has no sense to consider longer
wavelengths. The laser signal is instead integrated between 450 nm and 470 nm. After
these integrations we obtained two values of the total intensity in arbitrary units: one for
the emitted radiation in the visible region and the other for the incident radiation. Since
these two intensities refer to diﬀerent incident powers on the diﬀusing element inside the
sphere, they are not directly comparable. During the measurements the linearity of the
system has been veriﬁed by reducing the incident power and observing a corresponding
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Figure 5.1: Room temperature unpolarized emission spectra of 1.25% Pr3+:BaY2F8 .
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Figure 5.2: Room temperature unpolarized emission spectra of 3% Pr3+:BaY2F8 .
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Figure 5.3: Room temperature unpolarized emission spectra of 1.25% Pr3+:LiLuF4 .
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Figure 5.4: Room temperature unpolarized emission spectra of 1.25% Pr3+:KYF4 (sample
D).
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Figure 5.5: Incident Argon laser spectrum for the eﬃciency measurement.
equal reduction of the acquired signal. It means that it is possible to rescale one intensity
respect to the other for comparison of the two signals. To do that I used the following
relation between the power and the integrated intensities:
IP2 =
P2
P1
IP1 (5.3)
where IPi is the integrated intensity corresponding to an incident power Pi. Up to now
all of the intrinsic eﬃciency calculations refer to the integrated intensity rescaled to the
same incident power. The intrinsic eﬃciency is now deﬁned as:
ηint =
Iemiss
Iabs
, (5.4)
the ratio between all the emitted intensity in the all solid angle and the absorbed intensity.
The absorbed signal is:
Iabs = fabs×Iinc, (5.5)
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Pr3+ nominal Sample ηintr (%)
doping level (%)
0.3 BaY2F8 
1.25 BaY2F8 55
3.0 BaY2F8 18
1.25 KYF4 (D) 45
1.25 KYF4 (E) 45
0.9 KY3F10 
1.25 LiLuF4 60
Table 5.2: Calculated intrinsic power eﬃciency of each sample in radiometric units (%).
where fabs is the absorbed fraction previously calculated, while Iinc is the excitation laser
intensity. Substituting the eq. 5.5 into eq. 5.4 one obtains the formula for the intrinsic
eﬃciency calculus:
ηint =
Iemiss
fabsIinc
. (5.6)
The experimental intrinsic eﬃciency in percent are reported in table 5.3. The esti-
mated experimental error is 5 %.
5.3 Conclusion and Discussion
In this chapter the measurements of the intrinsic eﬃciencies of the investigated samples
will be presented. This measurement consists of two main parts: the absorbed light and
the emission intensity measurements. The experimental apparatus used is based on the
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diﬀusive method presented by Rohwer and Martin (Roh05) with some changes to adapt it
to our experimental set-up. As previously explained, since the low absorption coeﬃcient
and our experimental set-up sensitivity limits the absorbed fractions of the samples with
0.3 % Pr3+ nominal doping level weren't measured. Therefore, the corresponding intrinsic
eﬃciencies are not presented. All of the samples, expecially due to the low absorption at
the selected pump wavelength, present a very low absorbed fraction.
From the presented measurements the maximum intrinsic eﬃciency value corresponds
to the 1.25 % Pr3+:LiLuF4 sample (60 %). However, within the experimental error the
eﬃciency of the Pr3+:LiLuF4 and of the 1.25 % Pr3+:BaY2F8 have to be considered as
being comparable. The less eﬃcient sample is the 3 % Pr3+:BaY2F8 (18 %). This is a very
low value compared to the other candidates intrinsic eﬃciencies and it is probably due to
the presence inside the sample of some imperfections visible also by a microscope. The
two KYF4 samples intrinsic eﬃciencies, contrary to the absorbed fraction values, don't
show any diﬀerence.
Using eq. 2.1 it is possible to convert the intrinsic eﬃciency from the radiometric units
to the photometric ones. The 1.25% Pr3+:LiLuF4 and the 1.25 % Pr3+:BaY2F8 intrinsic
eﬃciencies in photometric units are about 200 lm/W and 150 lm/W respectively. In this
case the two intrinsic eﬃciencies have a larger diﬀerence than in the radiometric units.
This is because the photometric units take into account the eye response using the V (λ)
function which is not constant for diﬀerent wavelengths (ﬁg. 2.1).
The comparison between our results and others is not so easy especially because the
published eﬃciencies are always referring to the raw eﬃciency characteristic of a developed
device. Few works present the intrinsic eﬃciency measurement of the emitter material.
However, it is possible to compare our results with the eﬃciency obtained by Hao
et al. for α-Ca2P2O7:Eu2+, Mn2+ phosphors (Hau07). However the intrinsic eﬃciencies
reported in this work, are lower than the common ﬂuorescent lighting sources and the
common phosphors in mercury-vapor lamps. The Ce:YAG for example has an intrinsic
eﬃciency of 80 %, but contrary to the investigated samples, its emission is not white but
colored.
Looking at the display technology based on the up conversion process, Bass research
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Lamp luminous eﬃciency
(lm/W)
Incandescent 4-24
Fluorescent (T12,T5,T8) 60-100
Metal halide lamp 65-115
High pressure sodium 85-150
Low pressure sodium 100-200
White LED 10-150
Table 5.3: Luminous eﬃciency for common light emitters, sources: PHILIPS, OSRIAM
and (usepa97) .
group at the University of central Florida obtained a raw eﬃciency (ratio between the
incident and the visible emitted intensity) of 8.5 % for the white emission (Mil06b; Mil06a).
The OLED internal eﬃciency is the number of generated photon per number of injected
charge pairs. Then usually OLED eﬃciencies reported in the literature refer to quantum
external eﬃciencies. External quantum eﬃciencies of 0.5 % and 5.2 % were obtained by
Lim et al. (Lim02) and by D'Andrade et al. (D'A02) respectively. A power eﬃciency of
1.5 % was reported by Dugall et al. (Dug02). Today new white high performance OLED
have been performed by Kodak with a external quantum eﬃciencies of 7 %, 10.7 % and
13 %, for the low voltage, long lifetime tandem and the high-eﬃciency tandem OLED re-
spectively (http://www.kodak.com/eknec/PageQuerier.jhtml?pq-path=1473/1488/11690pq-
locale=itIT ).
Since our obtained intrinsic eﬃciencies represent the maximum eﬃciency limit of a hy-
pothetical engineered device, then to have a power eﬃciency comparable to these OLED
values the pump source eﬃciency has to be taken into account. Considering a 100%
absorption eﬃciency and 15% eﬃciency of pump sources like blue laser diodes already
available in the market, the theoretical maximum wall plug luminous eﬃcacy of a hypo-
thetical device is about 20 lm/W for the Pr3+:LiLuF4 sample. Looking at tab. 5.3 this
value is comparable with the incandescent lamp but lower than the modern emitting light
devices like the white LED sources and the more common ﬂuorescence lamp.
Chapter 6
Laser Experiments
I will report in this chapter the laser measurement of the 1.25% Pr3+:BaY2F8 red emission
made at the PHILIPS laboratories . Three parts constitute the following chapter. In the
ﬁrst section, after a brief introduction to the rate equation model for the properties of
a 4-level laser, the basic properties of the theory and of the selected laser cavity will be
given. In the second section I will present the experimental cavity setup with the pumping
source characterization. In the last section, the red laser and its characterization will be
reported.
6.1 Laser Principles
A large overview of laser theoretical principles and of cavity design can be found in
(Sve89; Koe99; Sie86). In the following part, only a brief laser theory introduction is
presented.
6.1.1 Rate equation Model
To obtain the laser emission the inversion of population is necessary. Looking at the Pr3+
ions in ﬂuoride crystals (ﬁg. 6.1) the population inversion has to be reached between the
level 1 and the level 2. This means that the population in level 2 (N2) has to be larger
than the population in level 1 (N1). The upper levels (3P0 or 3P1) can be populated
directly by pumping from 443.6 nm to 469.8 nm. Using a semiconductor diode laser
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(GaN-LD), Pr3+-ions are pumped from the ground state 3H4 (population density N0)
into the 3P2 level (population density N3) and after a fast relaxation the 3P0 is populated
(population density N2). To obtain the population inversion the lower laser level (3F4, 3F2
or 3H6 population density N1) is eﬃciently depopulated and the laser transition between
level 1 and 2 is possible. Since the transition is between an upper and the ground state
thermally populated, for a 3-level laser scheme laser emission from a single pump photon
is not realizable.
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Figure 6.1: Energy level scheme of Pr3+ in ﬂuoride crystals with possible visible laser
emission transitions.
Assuming a very fast transition between levels 3 and 2 and levels 1 and 0 it's possible
to assume N1'N3'0 and to write the rate equations:
N0 +N2 = Nt (6.1)
N˙2 = WpN0 −BqN2 − N2
τ
(6.2)
q˙ = VaBqN2 − q
τc
(6.3)
where q corresponds to the total number of photons in the cavity, Nt is the total ion
density, Wp is the pump rate, Va is the volume of laser mode inside the active medium,
6.1 Laser Principles 105
and τc is the photon lifetime inside the cavity. From eq. 6.1 a constant ion density can be
assumed. Eq. 6.2 describes the temporal behavior of the upper laser level: the population
increases with the pump rate but at the same time decreases for the laser (BqN2) and
the spontaneous emission (N2
τ
). Looking at eq. 6.3, the laser photons increase for the
stimulated emission process (VaBqN2) and decrease for output coupling and other loss in
the cavity ( q
τc
).
The parameter B is referred to as the stimulated emission rate and can be written as
(Sve89):
B =
σec0l
VaL′
=
σec0l
Va(L+ (n− 1)l) . (6.4)
σe is the emission cross section of laser transition, L and l are the length of the cavity
and of the active medium respectively, L′ is the eﬀective cavity length taking into account
the refractive index of the active medium.
Introducing the inversion population Ni = N2 −N1≈N2 the rate equations become:
N˙2 = Wp(Nt −Ni)−BqNi − Ni
τ
(6.5)
q˙ = VaBqNi − q
τc
(6.6)
for the steady state it is possible to obtain the threshold inversion as:
Nthr =
1
VaBτc
=
γ
σel
. (6.7)
In eq. 6.7 γ = L′
τcl
are the total losses per pass of the optical cavity. The total losses
can be divided into two parts: the internal losses (γi = −ln(1 − Li)) and the losses due
to the cavity mirrors (γ1 = −ln(1− T1) and γ2 = −ln(1− T2)):
γ = γi +
γ1 + γ2
2
(6.8)
T1, T2 and Li are the transmissions of the two mirrors and the losses due to the active
medium respectively.
Using eq. 6.6 and eq. 6.7 the threshold Wthr is determined:
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Wthr =
Nthr
(Nt −Nthr)τ≈
Nthr
Ntτ
=
γ
Ntτ
. (6.9)
From these equations it is possible to obtain the two parameters useful to describe the
power characteristics of a laser: the absorbed pump power at the laser threshold (Pthr)
and the slope eﬃciency (ηs).
Pthr can be obtained using the eq. 6.9:
Pthr = WthrhνPVaNt =
γhνPVa
σeτ l
(6.10)
The laser slope eﬃciency is deﬁned as:
ηS =
dP2
dPabs
(6.11)
where P2 is the transmitted laser power by the second mirror and Pabs the absorbed power.
The number of photons (q) with WP above Wthr is:
q = Vaτ(WP (Nt −Nthr)− Nthr
τ
) = WaNthr
τc
τ
(
WP
Wthr
− 1). (6.12)
then the laser power transmitted through the second mirror (P2) can be written as
(Sve89):
P2 =
γ2c0
L′
hνLq =
γ2hνLVa
σeτ l
(6.13)
.
The slope eﬃciency is obtained substituting eq. 6.13 into eq. 6.11:
ηS =
νL
νP
γ2
2γ
≈νL
νP
T2
T2 + Li
(6.14)
Up to now, the formula for the absorbed power threshold and for the slope eﬃciency
refer to an ideal four level laser not taking into account other loss channels for the laser
process such as reabsorption of the laser photons, ESA (excited state absorption) or energy
transfer processes. When those channels are taken into account eq. 6.10 and eq. 6.14
become:
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Pthr =
γhνLVa
ηPσeτ l
(6.15)
ηS = ηPVslop
γ2
2γ
, (6.16)
where ηP = ηtηa(νL/νP ) is the pumping eﬃciency: ηt is the optical transfer eﬃciency,
ηa is the absorption eﬃciency and Vslop is the overlapping eﬃciency between the pump
mode and the laser mode.
From eq. 6.15, the threshold power depends on the absorption eﬃciency of the laser
material, eﬀective mode volume, the product of the eﬀective stimulated emission cross
section and the upper laser level lifetime. The absorption eﬃciency depends on the char-
acteristic of the optical pump and on the properties of the active medium. The threshold
is also proportional to the inverse of the upper laser level lifetime, so a long lifetime can
also lower the threshold for a CW operation. The lifetime of the upper laser level is not
the only parameter, the eﬀective stimulated cross section also has to be considered. The
product of these two factors is approximately constant and an increase in the lifetime
indicates a decrease in the stimulated emission cross section. Consequently, the threshold
is roughly inversely proportional to the product of the eﬀective stimulated emission cross
section and the upper laser level lifetime. The overlapping eﬃciency is an important pa-
rameter in an optimum design. Good overlap is dependent on the particular laser design
(Sha08).
The slope eﬃciency depends on the absorption eﬃciency and on the overlap eﬃciency
of the laser mode volume with the pumped volume as well as losses, including ESA.
6.1.2 Losses Determination
Internal losses (Li) inﬂuence both the threshold and the slope eﬃciency (eq. 6.15 - 6.16).
There are two principal ways to determine the internal losses of a laser resonator: the
Findlay-Clay (Fin66) method and the Caird plot (Cai98).
In the next part the round-trip losses rather than the single pass losses will be taken
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into account and eq. 6.15 and eq. 6.16 are now expressed as (K01):
Pthr =
ΓhνLVa
ηPσeτ2l
≈(2Li + T )hνLVa
ηPσeτ2l
(6.17)
ηS = ηPVslop
γ2
Γ
≈ηPVslop T
2Li + T
, (6.18)
where Γ = 2γ≈2Li + T = Ltot + T are the round-trip losses on the cavity, Ltot the
internal round trip losses, and T the transmission of the output-coupling mirror. The
approximation is valid for the transmission of the input mirror equal to zero and for small
values of the output-coupling mirror transmission.
In the Findlay-Clay method the laser threshold is measured as a function of the
output-mirror transmission. Then, the eq. 6.17 holds:
Pthr =
(Ltot + T )hνLVa
ηPσeτ2l
= T
hνLVa
ηPσeτ2l
+ Ltot
hνLVa
ηPσeτ2l
= mT + b, (6.19)
with slope m = hνLVa
ηP σeτ2l
and b = mLtot. Plotting Pthr as a function of the output-
coupling mirror transmission (T ) both parameters m and b can be determined by a linear
ﬁt. From these values the round trip internal losses can be calculated as Ltot = bm .
In the Caird plot the round trip losses are obtained from the slope eﬃciency expression
which can be written as:
1
η S
=
1
η P
Vslop
2Li + T
T
=
1
η P
Vslop +
Ltot
T
1
ηPVslop
= m′
1
T
+ b′, (6.20)
with slope m′ = 1
ηPVslop
Ltot = b
′Ltot. From a linear ﬁt 1ηP =
1
ηP
( 1
T
) both m′ and b′ are
determined and thus the value of the round trip internal losses Ltot is found.
6.1.3 Laser Beam characteristics
The principal characteristics of a laser beam are introduced in the following paragraph.
The laser cavity design equations, useful to optimize the overlap between the pump beam
and the laser one, are brieﬂy introduced in appendix C.
Assuming the transverse intensity proﬁle to be Gaussian and the z-axis to be along
the resonator axis, pump spot radius inside the active medium is:
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ω2p(z) = ω
2
p0[1 + (
z − z0
zR
)2], (6.21)
where ωp0 is the pump beam radius at the waist, z0 is the waist location, and zR is
the Rayleigh range. This gives at a distance from the waist location, z0, where the beam
cross section, piω2p(z), has increased by a factor of 2 compared to the area at the waist
location, piω2p0. The zR is written as:
zR =
npiω2p0
λpM2
. (6.22)
where M2 is the beam propagation factor, n is the refractive index of the crystal, and
λp is the wavelength of the pump beam. An M2 value of 1 is equivalent to a perfect
Gaussian proﬁle. Values up to 1.2 are still considered to be TEM00. The increase of M2
means a mode structure with more transverse modes.
To determine the M2 value an important parameter is the angle of the far-ﬁeld laser
beam, θ. It is the half-angle beam divergence and it is related to zR and to ωp0 by the
following equations:
zR =
ω0
θ
, (6.23)
θ =
λpM
2
nωp0pi
. (6.24)
To obtain experimentally the M2 values there are many diﬀerent ISO standardized
methods. The method that is used in this work is the combined determination of laser
beam parameters (Hod05). In this case if the beam waist is accessible for direct mea-
surement, the laser beam parameters and the beam diameters have to be measured in at
least ten locations around the waist position with approximately half of the points being
distributed within the Rayleigh range on either side of the beam waist and the other
half distributed beyond two Rayleigh ranges from the beam waist. The square value of
experimental diameters can be ﬁtted using a hyperbola:
d2(z) = A+Bz + Cz2 (6.25)
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The laser beam properties are calculated from the ﬁt parameters as:
waist diameter d0 = −
√
A− B
2
4C
(6.26)
waist location s2 = − B
2C
(6.27)
Rayleigh range z0 =
1
C
√
CA− B
2
4
(6.28)
half angle of divergence θ0 =
1
2
√
C (6.29)
beam propagation factor M2 = pi
4λ
√
CA− B
2
4
(6.30)
If the laser beam is not directly accessible, an artiﬁcial waist has to be created by using
an aberration-free focusing element (ﬁg 6.2). The original laser beam parameters can be
determined from the artiﬁcial ones (denoted by superscript a) using the follow equations:
waist location in front of lens s1 =
fs2(s2 − f) + fza0 2
s22 − 2fs2 + f 2za0 2
(6.31)
waist diameter d0 = da0
√
2(s1 − f)2
f 2 +
√
(f 4 − 4za0 2(s1 − f)2
(6.32)
half angle of divergence θ0 =
2M2λ
d0pi
(6.33)
Rayleigh range z0 =
d0
2θ0
(6.34)
In the previous formula M2 is the same for both the artiﬁcial and original laser.
6.2 Cavity set-up
The cavity used for the laser experiments made at the PHILIPS laboratories are repre-
sented in ﬁg. 6.3. It consisted of a ﬂat mirror M1 and a concave one, M2. The radius
of curvature (ROC) of the out coupling mirror is 50 mm. To permit the pump radiation
going inside the cavity and the laser ampliﬁcation in the red region (640 nm) the mirrors
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z
Figure 6.2: Setup for the measurement of the beam parameters by generating a beam
waist with a lens.
are properly coated. M1 has an HR coating between 630 nm and 650 nm and an HT
coating between 430 nm and 460 nm while the out coupling mirror M2 has a reﬂection
coating in the red region. To characterize the laser emission diﬀerent out coupling mirrors
with diﬀerent transmission values in the red, between 1 % to 10 %, can be used. To focus
the pump beam inside the sample lenses of focal length from 80 mm to 120 mm were
available. An interference ﬁlter at 640 nm with a transmission of 58.4 % is placed after
the laser cavity to select the red laser emission. The red power is investigated by a power
meter. The pump source is a GaN-laser diode (Nichia) at 440-445 nm with a maximum
output power of 500 mW. The pump beam shape is launched with a aspheric lens faspheric
and corrected by an anamorphic prism pair (APP). The diode laser is controlled in tem-
perature and in current by a Laser Diode Controller (LDC-3744B, ILX Lightwave) that
can be driven by a personal computer. The crystal was mounted on a simple copper plate,
without any additional cooling.
The Pr3+:BaY2F8 with 1.25% nominal doping level, has been grown, oriented, cut
along the crystallographic axes and polished for laser application at Pisa University. In
order to obtain the highest absorption by the active medium it could be rotated around
the cavity axis (z) to ﬁnd the best match between the polarization of the incident radiation
and the active medium crystallographic axes. The crystal dimensions with its crystal axes
are reported in ﬁg. 6.4. The main structural BaY2F8 properties are reported in sec. 3.
For laser development only one doping level is taken into account 1.25 %. This value
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refers to the nominal doping level, but the real concentration on the sample depends not
only on the distribution coeﬃcient but as previously shown also on its vertical position
in the grown bulb. The length of the sample (along E⊥a, b) was selected to obtain the
best population inversion.
Figure 6.3: Laser set up used at the PHILIPS laboratory for the red laser emission.
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5 . 8 3  m m
2 . 1 7  m m
a b
Figure 6.4: Dimensions and crystallographic orientation of the 1.25% Pr3+:BaY2F8 sam-
ple.
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6.2.1 Pump beam characterization
We can individuate two main pump beam characterizations: a characterization for power
and for the emitted wavelength, and an optical characterization. This last characteri-
zation is made on a laser of the same family (Nichia NDB7112E) but a diﬀerent pump
wavelength (441 nm). It should not produce any diﬀerence in the optical characteristics
so the obtained results are assumed valid also for the diode at 443 nm.
Wavelength and power laser characterization
In order to characterize the emitted wavelength characterization from the diode laser,
after the aspheric lens and neutral ﬁlter to attenuate the beam power, the blue radiation
is collected by the spectrometer EPP2000 VIS-25 (Stellarnet Inc.) with a grating of
600 grooves/mm and a resolution of 1 nm. This resolution is not enough for a spectral
characterization but is suﬃcient for the emission wavelength individuation. The spectra
are taken at two diﬀerent temperatures, 30 and 20 ◦C, and with diﬀerent driving current:
120, 250 and 500 mA. The obtained results are reported in ﬁg. 6.5 and in ﬁg. 6.6.
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Figure 6.5: Acquired spectra of the pump
laser at 30◦C and diﬀerent laser driver cur-
rent: 120 mA, 250 mA and 500 mA.
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Figure 6.6: Acquired spectra of the pump
laser at 20◦C and diﬀerent laser driver cur-
rent: 120 mA, 250 mA and 500 mA.
The experimental set-up for the pump laser power curve acquisition is the same, except
for some changes of the one used for the emitted wavelength measurement. In this case the
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neutral ﬁlter is removed and the spectrometer is substituted by a power meter interfaced
with a PC.
The variation of the current driver is controlled and recorded with the voltage driver
and the measured power by a computer, at the same time. In ﬁg. 6.8 and in ﬁg. 6.7
are reported the laser powers at 443 nm for 20 and 30◦C as function of the laser driver
current. In the same graph for both temperatures, the eﬃciency of the laser, calculated
as Pin/Pout, is plotted. The Pin values are calculated multiplying the laser driver current
and the voltage recorded.
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Figure 6.7: Output power and eﬃciency
of the pump laser at 30◦C at 500 mA laser
driver current.
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Figure 6.8: Output power and eﬃciency
of the pump laser at 20◦C at 500 mA laser
driver current.
The laser wavelengths, output power and eﬃciency as a function of the laser temper-
ature and of the laser driver current are reported in tab. 6.1 The laser shows the usual
behavior of a GaN-diode laser, increasing its wavelength with temperature and with driver
current. The laser eﬃciencies are the same for the two temperatures (22 %) with a small
change in the output power: 563.6 mW at 20 ◦C and 540.9 mW at 30 ◦C. At 500 mA there
is not an appreciable diﬀerence at the two temperatures so it is not possible to preselect
the diode laser temperature. Then a check of the red laser performance at diﬀerent pump
laser temperature has to be done to ﬁnd the best temperature for our case.
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Temperature driver current λmax Pout,max max eﬃciency
(◦C) (mA) (nm) (mW) (%)
500 442.9 563.6 22
20 250 441.1
120 440.7
500 443.2 540.9 22
30 250 441.4
120 441.1
Table 6.1: Pump laser wavelength, power and eﬃciency at 20 ◦C and 30 ◦C for 120 mA,
250 mA and 500 mA.
Optical characterization
As said before the following optical characterization refers to a NDB1172E Nichia laser
but with an emission wavelength of 441 nm. The measurements of the beam quality are
taken for diﬀerent conditions.
• To obtain the characterization of the laser beam without any optical element, the
slow axis is directly investigated after the aspheric lens (ﬁg. 6.9) for 150 mA, 300
mA and 500 mA driver currents. From this measurement the laser beam parameters
are calculated.
z
Figure 6.9: Set up of the laser beam characterization after the aspheric lens(f=15 mm).
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• To determine theM2 and the divergence, useful for our laser cavity set-up, the beam
proﬁle is analyzed after the APP for three laser driver currents: 150 mA, 300 mA
and 500 mA (ﬁg. 6.10)
Figure 6.10: Set up of the laser beam characterization after the APP.
• To verify the eﬀect of a plane mirror (in-coupling mirror) on the beam waist dimen-
sion, the beam proﬁle is analyzed after a plane mirror (ﬁg. 6.11) for diﬀerent focal
lengths: 80 mm, 120 mm and 140 mm at 300 mA driver current.
Figure 6.11: Set up of the laser beam waist measurement after the in coupling plane
mirror.
In all conditions a CCD camera is used (WincameraD Series with a 14-bit ADC-
DataRay Inc.) interfaced with a computer. In this way, the minor and major axes in
the ISO convention are directly recorded. The minor and major axis are associated with
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the slow and fast laser axis, during the experiments. Due to the diﬃculty of ﬁtting the
data for the fast axis measured with both an aspheric lens of 15 mm focal length and
an aspheric lens of 6.2 mm focal length, only the slow axis is taken into account for the
proﬁle characterization.
Laser beam proﬁle characterization without any optical element
Using the method previously described, the M2 is determined by a direct measurement
of the laser diameter around the laser beam waist that is manually located. The divergence
angle is determined from the variation of the diameter in diﬀerent camera positions. The
focal length of the aspheric lens is 15 mm. In order to avoid a high incident power on the
power meter, the radiation is attenuated by an appropriate neutral ﬁlter.
For the 150 mA, 300 mA and 500 mA laser driver currents, the experimental points
to calculate the laser beam M2 factor are reported in ﬁg. 6.12, ﬁg. 6.13 and ﬁg. 6.14
respectively.
As explained before, ﬁtting the experimental data for the 150 mA, 300 mA and 500
mA laser driver with a hyperbola and applying eq. 6.26- 6.30 it is possible to calculate
the artiﬁcial beam parameter after the aspheric lens. These values are reported in the
graphs (ﬁg. 6.12 -ﬁg. 6.15).
The divergence values, obtained as the slope factor of a linear ﬁt of the waist diameter
versus the relative distance of the camera from the laser (ﬁg. 6.16- ﬁg. 6.19), are 3.9◦, 5.3◦
and 7.1◦ for 150 mA, 300 mA and 500 mA respectively. From the measured divergences
and the calculated M2 factors, the waist diameters are 4 µm (150 mA) and 6 µm (300
mA and 500 mA).
In order to obtain the laser beam parameters without any optical element, the presence
of the aspheric lens with 15 mm focal length is taken into account. The obtained values
for the real beam proﬁle calculated from eq. 6.31- 6.34 are given in tab. 6.2 , where the
M2 is assumed the same for the artiﬁcial and for the real beam. These values refer to the
laser beam parameters of the diode laser without any optical element.
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Figure 6.12: Laser beam proﬁle after the
aspheric lens at 150 mA driver current.
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Figure 6.13: Laser beam proﬁle after the
aspheric lens at 300 mA driver current.
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Figure 6.14: Laser beam proﬁle after the
aspheric lens at 500 mA driver current.
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Figure 6.15: Laser beam proﬁles compari-
son after the aspheric lens at 150 mA, 300
mA and 500 mA driver currents.
Laser beam proﬁle characterization after the APP
In this case the aspheric lens is exchanged with one of focal length equal to 6.2 mm.
The beam is focused on the CCD camera using a lens of 140 mm focal length. As for the
characterization after the aspheric lens, the M2 and the artiﬁcial parameters are obtained
recording the beam waist for diﬀerent z-position of the CCD camera. The investigated
driver currents are: 150 mA, 300 mA and 500 mA. The corresponding data and the
6.2 Cavity set-up 119
2 4 6 8 10 12
0.8
1.0
1.2
1.4
 = 3,9°
 
 
Y =0,5495+0,0675 X
tg =0,0675 
w
 m
in
or
 (m
m
)
relative distance (mm)
Figure 6.16: Laser angle divergence mea-
surements after the aspheric lens at 150
mA driver current.
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Figure 6.17: Laser angle divergence mea-
surements after the aspheric lens at 300
mA driver current.
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Figure 6.18: Laser angle divergence mea-
surements after the aspheric lens at 500
mA driver current.
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Figure 6.19: Laser angle divergence mea-
surements comparison after the aspheric
lens at 150 mA, 300 mA and 500 mA
driver currents.
artiﬁcial beam parameter are reported in ﬁg. 6.20, ﬁg. 6.21 and ﬁg. 6.22 for the three
diﬀerent currents. The M2 factors are equal to 1, 2.4 and 2.8 for 150 mA, 300 mA and
500 mA respectively. From these values it is possible to say that the anamorphic prism
pair has no measurable eﬀect on the M2 parameter. The APP are in fact placed to correct
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150 mA 300 mA 500mA
Waist location in front of lens 12.64 13.7 13.77
(mm)
Waist diameter 0.0095 0.0070 0.0074
(mm)
Half angle of divergence 1.5◦ 4.6◦ 5.5◦
Rayleigh range 0.18 0.045 0.039
(mm)
M2 1 2 2.5
Table 6.2: Real laser beam parameters of NDB7112E laser diode, for 120 mA, 250 mA
and 500 mA driver currents.
the elliptical shape of the diode laser beam into a circular shape, their major eﬀect has to
be observed in the fast axis. All the measurements of the beam proﬁle refer to the slow
axis since the fast axis can not be acquired with the same precision.
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Figure 6.20: Laser beam proﬁle param-
eters after the anamorphic prism pair
(APP) at 150 mA driver current.
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Figure 6.21: Laser beam proﬁle param-
eters after the anamorphic prism pair
(APP) at 300 mA driver current.
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Figure 6.22: Laser beam proﬁle parameters after the anamorphic prism pair (APP) at
500 mA driver current.
Laser beam waist dimensions after a plane mirror
In order to evaluate the variation of the beam waist dimensions due to the ﬁrst mirror
of the laser cavity, the beam proﬁle is taken after the plane mirror. The laser diode
temperature is 20 ◦C and the driver current ﬁxed to 300 mA. In ﬁg. 6.23 the dimensions
of the fast (red) and slow (blue) axis are reported for diﬀerent focal length of the lens
before the plane mirror 6.11. These values refer to the slow and fast axis focus position
and to the position where the beam results almost circular.
Figure 6.23: Scheme of the measured laser pump beam waist at 300 mA and 20 ◦C.
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6.3 Results of the 1.25% Pr3+:BaY2F8 laser
Visible laser action of Pr3+-doped ﬂuorides has been investigated in many diﬀerent works.
In most of them a source like an Argon laser or ﬂash lamp have been used (San94). Due to
the recent appearance and the future improvement of diode lasers operating around 440
nm, which can be used to directly pump the 3P0,1,2 emitting levels of the Pr3+ ions, and the
recently proved laser operation of Pr:LiYF4, Pr:LiLuF4, Pr:LiGdF4 (Cor07; Cor08; Ric04;
Ric07), Pr:KY3F10 (Cam07) single crystals, and Pr:ZBLAN glass ﬁber (Wei07; Ric05) by
using such a diode laser power of few mW; the interest on Pr ions is increasing. Recently
a study of the visible laser emission of Pr ions in ﬂuorides has been presented by A.
Richter (Ric08). An in depth study of the emission properties of Praseodymium ion in
BaY2F8 can be found in the references (Lar99), (Bar03) and (Khi08).
6.3.1 Red emission at 640 nm
Best emission conﬁguration
In order to obtain the best possible results for the red laser two major steps should be
done before the power and beam proﬁle study of the obtained laser:
• experimental determination of the best pumping diode laser operating temperature
changing the setting of the diode laser controller;
• selection of the best focal length lens.
In both cases the experimental measurements are done using the cavity set-up of
ﬁg. 6.3 with a concave output coupling mirror (ROC = 50mm) of 1% of transmission on
the red region (HR 630-650). The emitted powers are collected by the power meter at 640
nm, for driver currents from 0 mA to 500 mA controlled by PC with steps of 10 mA. The
absorbed power is obtained as the diﬀerence between the incident power, measured before
the sample, and the transmitted power, measured behind the sample. The pumping laser
diode operating temperature is found directly setting the diode laser controller of the
diode. Using the best setting parameters for the pump source the best focal length is
selected.
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To determine the best experimental operating temperature, emitted and absorbed
power-curves are acquired at three diﬀerent temperatures: 20 ◦C, 25 ◦C and 30 ◦C.
The emitted versus the absorbed powers are reported in ﬁg. 6.24- 6.25- 6.26 for each
temperature with the corresponding laser slope eﬃciency and power threshold.
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Figure 6.24: Red laser emitted power
of 1.25% Pr3+:BaY2F8 versus absorbed
power at 20 ◦C.
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Figure 6.25: Red laser emitted power
of 1.25% Pr3+:BaY2F8 versus absorbed
power at 25 ◦C.
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Figure 6.26: Red laser emitted power of 1.25% Pr3+:BaY2F8 versus absorbed power at 30
◦C.
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The slope eﬃciencies and the power thresholds are not very diﬀerent: η = 33%,
η = 29.9%, η = 31.8% and Pthr = 202.95 mW, Pthr = 196.61 mW, Pthr = 197.47 mW at
20 ◦C, 25 ◦C and 30 ◦C respectively. To select the best working temperature it is taken into
account the red emitted powers which for 20 ◦C, 25 ◦C are quite similar, 43.75 mW and
43.94 mW respectively. Instead at 30 ◦C the red emitted power is larger: 47.76 mW. For
this reason 30 ◦C were selected as working temperature for all the future measurements
on our red laser.
To select the best focal length of the lens to focus on the sample inside the cavity,
emitted and absorbed power-curves are acquired with diﬀerent focal length lenses: 60
mm, 80 mm, 100 mm and 120 mm. The working temperature is 30 ◦C.
The emitted versus absorbed powers are reported in ﬁg. 6.27- 6.28- 6.29 and 6.30 for
each focal length with the corresponding laser slope eﬃciency and power threshold.
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Figure 6.27: Red laser emitted power
of 1.25% Pr3+:BaY2F8 versus absorbed
power for a 60 mm focal length lens at
30 ◦C.
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Figure 6.28: Red laser emitted power
of 1.25% Pr3+:BaY2F8 versus absorbed
power for a 80 mm focal length lens at
30 ◦C.
The obtained values for the slope eﬃciency, the power threshold and the maximum
obtained power are reported in tab. 6.4. With f=100 mm and f=80 mm we have the
maximum eﬃciencies, 32.3 % for both, with lowest power thresholds, 168.1 mW and
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Figure 6.29: Red laser emitted power
of 1.25% Pr3+:BaY2F8 versus absorbed
power for a 100 mm focal length lens at
30 ◦C.
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Figure 6.30: Red laser emitted power
of 1.25% Pr3+:BaY2F8 versus absorbed
power for a 120 mm focal length lens at
30 ◦C.
170.7 mW. The maximum obtained powers are also very similar: 51.9 mW for f=100 mm
and 52.7 mW for f= 80mm. The 100 mm focal length and the 80 mm one yield the same
results. So, since also the easier alignment procedure, the determination of the losses is
provided using the 100 mm focal length lens at 30 ◦C.
lens η Pthr Pmax
(%) (mW) (mW)
f= 60 mm 24.3 177.7 36.2
f= 80 mm 32.3 168.1 52.7
f= 100 mm 32.3 170.7 51.9
f= 120 mm 34.8 199.6 44.8
Table 6.3: Slope eﬃciency, power threshold and obtained power at 500 mA for diﬀerent
focal length lenses.
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Red laser beam waist measurement
To characterize the red laser beam, the emitted red laser is focused by a focal length lens
of 140 mm on the CCD camera sensor (ﬁg. 6.31).
Figure 6.31: Experimental setup for the red laser beam proﬁle characterization.
The measurement set up is the same used on the pump laser characterization. The red
beam parameters are calculated by taking into account the lens using a Gaussian beam
propagation through the lens. The measured dimensions and the relative beam parameters
are reported on ﬁg. 6.32 and ﬁg. 6.33 for the slow and the fast axis respectively.
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Figure 6.32: Red laser slow axis charac-
terization.
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Figure 6.33: Red laser fast axis character-
ization.
For the slow axis, the radius is 29.3 µm, while for the fast axis it is 42.7 µm. This
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fact is in agreement with the theoretical red waist beam dimension for a plane concave
cavity with a length around 50 mm. In order to compare the theoretical and experimental
dimensions in ﬁg. 6.34 the theoretical waist radius for a plane-concave cavity for 640 nm
as function of the cavity length is reported.
Figure 6.34: Theoretical radius beam dimension for a plane-concave cavity and a laser at
640 nm.
Losses determination
To evaluate the internal losses the setup of ﬁg.6.3 is used. The focal length of the focus lens
is 100 mm and the concave (ROC = 50 mm) out coupling mirror transmission is varied:
1%, 2% and 5%. The red laser curve, as function of the absorbed power is reported for
the 1% and 2% transition out coupling mirror in ﬁg. 6.35 and in ﬁg. 6.36 respectively.
For the out coupling mirror with a transmission of 5% there is no laser emission.
This fact is related to the relationship between the power threshold of a four-level laser
with the transmission of the out coupling mirror in eq. 6.17. Increasing the out coupling
transmission the power threshold increases. Then at 5% transmission of the out coupling
the power threshold is higher than the input power to activate the red laser operation.
In any case, we report the experimental data and the ﬁt for the determination of losses.
Note, the obtained value is not considered to be reliable for the determination of losses.
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Figure 6.35: Red laser emission with 1% trans-
mission out coupling mirror.
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Figure 6.36: Red laser emission with 2% trans-
mission out coupling mirror.
0.010 0.012 0.014 0.016 0.018 0.020
0.0
180
200
220
240
260
280
300
L~0.9 %P
th
r (
m
W
)
out coupling mirror transmission, T (%)
 
 
Y =88.7+10350 X
Figure 6.37: Losses determination ﬁt using the Findlay-Clay method for the 1.25%
Pr3+:BaY2F8 sample.
6.4 Summary
In this section the red laser emission from 1.25% nominal doped Pr3+:BaY2F8 sample is
presented. We focused on the best cavity conﬁguration and on the beam characterization
measurement. After the presentation of the pump beam parameters as a function of the
temperature and of the driver current, the power curve as function of the temperature
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and of the focal length of the focus lens is reported. The selected temperature is 30 ◦ and
the best focal lengths are 80 mm and 100 mm. The diﬀerence of laser emission between
the two cases can be explained as an overlap of the pump beam and of the laser beam.
The overlap eﬃciency (Vslop) seems not to change very much when changing the focal
length. Using the 80 mm and the 100 mm focal length lens the laser beam proﬁle and
the losses calculation respectively are presented. Since no red emission is present with
an out coupling transmission mirror of 5%, the ﬁt for the loss determination is made
only over two points. Therefore the obtained losses value (L=0.9 %) is not be considered
reliable. Also the emission power curves are not so good as the previous ones. In these
measurements for T=1% the eﬃciency is only 27%.
A list of all obtained results at 30 ◦C, with 1% transmission output-coupling mirror,
are reported in tab. 6.4. As can be noticed the best performances are obtained using
both the 80 mm and 100 mm lenses and their values are very similar.
f ηS Pthr P640,max Pabs
(mm) (%) (mW) (mW) (mW)
60 24.3 177.7 35.84 328.8
80 32.3 168.1 52.74 337.9
100 32.3 170.7 52.3 332.3
120 34.8 199.6 44.74 335.8
Table 6.4: List of the obtained values for the red laser emission.
6.5 Discussion
After the presentation of our results, very important is to compare the obtained results
with the most recent in literature (Ric06; Ric08). Looking at the f=100 mm, a CW power
of 52.3 mW at 640 nm for 332.3 mW absorbed pump power resulted for the out coupling
mirror transmission equal to 1%; the laser threshold power and the slope eﬃciency were
33 mW and 32.3%, respectively. With an OPS pump source, a CW power of 51 mW at 640
nm for 205 mW absorbed pump power resulted for the out coupling mirror transmission
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equal to 0.6%; the laser threshold power and the slope eﬃciency were 33 mW and 30%,
respectively (Ric06). Pumping with a GaN-LD, with an out coupling mirror transmission
of 0.9%, a CW power of 49 mW at 640 nm for 416 mW absorbed power is obtained; the
laser threshold power and the slope eﬃciency were 97 mW and 15% respectively (Ric08).
Then the obtained results are very similar to the pumping OPS and better than the GaN-
LD pumped ones that can be found in the literature. In tab. 6.5 the cited works are
compared with our best result.
Pump P640,max Pabs ηS Pthr T output Ref
source (mW) (mW) (%) (mW) mirror (%)
OPS 51 205 30 33 0.6 (Ric08)
GaN-LD 49 416 15 97 0.9 (Ric08)
GaN-LD 52.3 332.3 32.3 33 1 this work
Table 6.5: List of the obtained results for red laser based on Pr3+:BaY2F8 active medium.
The laser beam parameters measured in this work are also good for a GaN-LD pumped
system: M2slow×M2fast = 1×1.4 using a 80 mm focal length lens. Considering the measured
pump laser eﬃciency it is possible to calculate the total system laser eﬃciency which is
2.16%. Then, from the measurements presented in this chapter the Pr3+:BaY2F8 material
appears to be a very promising sample for visible laser application useful in many diﬀerent
ﬁelds.
Outlook
This thesis work can be divided into two main parts, one concerning the chromatic char-
acterization of seven photoluminescent samples developed for light application (NMLA
laboratories in Pisa), and another concerning the making and characterization of a laser
at 640 nm (PHILIPS laboratories in Aachen) with a 1.25 % Pr3+:BaY2F8 sample as active
medium.
For the chromatic characterization of the seven samples, to evaluate the best pump
wavelength to excite the crystals, the absorption spectra are performed at the beginning.
From these measurements the best pump wavelength, where the absorption coeﬃcient is
highest, is around 444 nm. However, since we needed to use a pump source available in our
laboratories, the selected pump wavelength was 457.9 nm of the Argon laser even though
the absorption coeﬃcient for this wavelength is really low. To verify if the ﬂuorescence
of each sample is or is not useful for the lighting application, their chromatic coordinates
were calculated based on the CIE 1931 theory. To separate the dependence of the results
from the pump light, the incident blue radiation was not taken into account during this
calculation. The correlated color temperature for each sample was calculated by their
chromatic coordinates. Both looking at the CIE coordinates and the calculated CCT,
each sample, in good approximation, emits in the white region. Although the calculated
CRI ( 20− 30) are not high they are still comparable to sources such as the low pressure
sodium lamps.
In order to verify the possibility of obtaining an eﬃcient white light source, the intrinsic
eﬃciencies of the samples were measured. Since the intrinsic eﬃciency represents the
maximum eﬃciency obtainable for a device based on the presented samples, as is for the
CIE coordinates, the obtained values were used to discriminate between good and bad
132 Publication
candidates for lighting applications.
Looking at the CIE chromatic coordinates and at the intrinsic eﬃciency the best can-
didate for lighting application is the 1.25 % Pr3+:BaY2F8 with an intrinsic eﬃciency equal
to 55 %. In fact this intrinsic eﬃciency is comparable, within experimental uncertainties,
to the 1.25 % Pr3+:LiLuF4 sample but its chromatic coordinated are closer to the white
point.
Given our experimental set-up limits that didn't permit us to measure the absorbed
fraction for the lowest nominally doped samples (0.3 % Pr3+:BaY2F8 and 0.3 % Pr3+:KY3F10 )
and the presence of some imperfections inside the 3 % Pr3+:BaY2F8 sample, veriﬁcation of
the dependence on the intrinsic eﬃciency from the doping level was not possible. While its
dependence on the volume and the dependence of chromatic coordinates on the incident
power were checked.
Concerning the development of a new laser source at 640 nm using a 1.25 % Pr3+:BaY2F8 ,
the power curves and the optical characterization of the pump blue laser and of the red
laser were reported.
The obtained slope eﬃciency was 32.2 % and power threshold was 170 mW, which
are really very good results compared to the other recent results obtained with the same
crystal and doping ion.
The results presented in this work in the laser ﬁeld as in the chromatic one demonstrate
once again the good quality of the samples grown in NMLA laboratories. All the grown
crystals, except for the lower doping for which no intrinsic eﬃciency is available, resulted
in good candidates for the second part of this project that will concern their performance
by optimizing the dimensions, the doping level and the pump source.
Future developments
The work on white light emission carried out during my Ph.D. period in NMLA laborato-
ries represents the ﬁrst part of a project to develop a new and highly eﬃcient white light
source applicable to the lighting ﬁeld.
Changes in the experimental apparatus and in the crystals presented continues.
In order to acquire the intrinsic eﬃciency of all samples (from the highest to the lowest
doping level) the Argon laser will be substituted with a diode laser at 444 nm, increasing
the absorbed incident power fraction.
To reduce our experimental error in the intrinsic eﬃciency measurements, a ﬂat pho-
totube to collect the emitted light outside the integrating sphere will be used obtaining
directly the integrated emitted intensity.
Today the set up has been already mounted: except for the phototube, a laser diode
and a new more eﬃcient integrating sphere is now in operation. The search for new
materials continues and looking at the emission spectra obtained from our samples, a
future development will be to insert powders of the crystals studied in a unique host
material that could be a glass like a crystal. In this way, it will be possible to obtain a
more broad spectrum closer to black body radiation. A very important point to study
before this development will concern the doping level optimization, understanding how
the doping level can aﬀect the chromatic properties and the eﬃciency of each sample. This
was one of the aims of this work by investigating the Pr3+:BaY2F8 sample but because
of the poor quality of the 3 % doped sample and the low sensitivity of our apparatus
concerning the 0.3 % samples, only the data for the 1.25 % Pr3+:BaY2F8 is reliable. In
order to improve upon our results new crystals with diﬀerent doping levels and diﬀerent
doping rare earth ions are growing always in the NMLA laboratories.
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The last improvement is the design and the realization of a compact engineered device
for the lighting application. From this point of view it is important to minimize the halo
eﬀect proper of an emitting source excited by directional radiation (chap.1).
Appendix A
Transformations between CIE XYZ
space to CIE Luv and CIE Lab uniform
color spaces
The 1976 CIE L∗u∗v∗ (CIELUV) and 1976 CIE L∗a∗b∗ (CIELAB) color spaces introduced
in chapter 2, are designed to be perceptually uniform. This means that a given change
in its value corresponds roughly to the same perceptual diﬀerence over any part of the
space. In both cases the XYZ color space is stretched in order that the Euclidean distance
between color coordinates provides a good description of lights discrimination.
The formulas to pass from the non-uniform XYZ color space to the CIELUV one are:
L∗ =
 116( YYn )(
1
3
) − 16 Y
Yn
> 0.008856
903.3( Y
Yn
) Y
Yn
≤0.008856
u∗ = 13L∗( 4X
(X+15Y+3Z)
− 4Xn
(Xn+15Yn+3Zn)
)
v∗ = 13L∗( 4Y
(X+15Y+3Z)
− 4Yn
(Xn+15Yn+3Zn)
)
where the quantities Xn, Yn and Zn refer to the tristimulus coordinates of a white
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point selected by following available parameters.
The CIE 1976 CIE L∗a∗b∗ coordinate are obtained from:
L∗ =
 116( YYn )(
1
3
) − 16 Y
Yn
> 0.008856
903.3( Y
Yn
) Y
Yn
≤0.008856
a∗ = 500[f( X
Xn
)− f( Y
Yn
)]
b∗ = 200[f( Y
Yn
)− f( Z
Zn
)]
where f is:
f(s)=
 s(
1
3
) s > 0.008856
7.787(s) + 16
116
s≤0.008856
Also in this case the Xn, Yn and Zn coordinates refer to a selected white point.
The function L∗ in CIELAB is identical with the function L∗ in the CIELUV. But
there is no simple relation between the a∗, b∗ coordinates of the CIELAB and the u∗, v∗
coordinates of CIELUV.
The distance between two points in these color spaces is calculated as the square root
of the coordinates quadratic sum:
∆E∗uv =
√
(∆L∗)2 + (∆u∗)2 + (∆v∗)2
∆E∗ab =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2
In an industrial color reproduction application, values of ∆E∗uv and ∆E∗ab equal to
3 are used as an acceptable tolerance. Though the ∆E∗uv and ∆E∗ab are still a good
approximation guide to the discriminability between two lights, many other factors have
to be taken into account: the adapted state of observer, the spatial and temporal stimulus
and the task demands placed on the observer. A compensation of the observer state is
given by the white point choice.
Appendix B
Principal methods for the Correlated
Color Temperature determination
Correlated Color Temperature of a light source with color coordinates (x1, y1) is the
temperature of the Planckian radiator whose chromaticity is nearest to (x1, y1).
The ﬁrst methods proposed to estimate the CCT are based on graphical interpola-
tion. Using the calculated (x, y) (or u, v) coordinates and the chart developed by Kelly
(Kel63), the CCT was found by interpolation between two isotemperature lines closely
ﬂanking the target chromaticity. The Kelly's graphic interpolation was substituted by
the algorithm proposed by Robertson in 1968 (Rob68). This method is based directly on
the graphical method, and involves interpolation between two adjacent members of a set
of n isotemperature lines, deﬁned by their correlated temperature (Ti) and their slope in
the diagram (mi). In order to ﬁnd the two adjacent lines between the test chromaticity
(uT , vT ), the distance (di) of the test point from each line is calculated:
di = [(vT − vi)−mi(uT − ui)]/(1 +mi2) 12 . (B.1)
The point lies between the only two adjacent lines for which dj/dj+1 is negative. The
Tc is determined in Robinson's algorithm like:
Tc = [
1
Tc
+
θ1
θ1 + θ2
(
1
Tj+1
− 1
Tj
)]−1 (B.2)
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where θ1,2 are the angles between the two isotemperature lines and the line joining
(uT , vT ) to their intersection (ﬁg B.1). Since θ1,2 are small, eq. B.3 can be written as:
Tc = [
1
Tc
+
dj
dj − dj+1 (
1
Tj+1
− 1
Tj
)]−1 (B.3)
For this method a very important role was assumed by the isotemperature lines set
chosen. The more narrow they are, the less is the introduced error.
Figure B.1: Method of interpolation to ﬁnd correlated color temperature (Rob68).
With the development of new and more powerful computers other new numerical
methods have been developed for calculating CCT. Many other approximation to calculate
the CCT were proposed by Schanda et al. (Sch77), by Krystek (Kry87) and by Xingzhong
(Xin87). The last author developed an empirical equation to calculate CCT from the
1960 chromaticities (u, v) in the range of 1666-25000 ◦K obtaining errors comparable
with Robertson's. More recently McCamy proposed a third order polynomial equation
for computing CCT from CIE 1931 x, y. To develop his method he used the fact that the
isotemperature lines for CCTs of interest converge toward a point (epicenter point) in the
chromaticity diagram adding that his function depends on the reciprocal of the slope of the
isotemperature line from that point to two chromaticities of the light. Since for a broad
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CCT range there is not only one convergence point so he used the intersection between 16
isotemperature lines (between 2222 ◦K and 12500 ◦K). The McCamy polynomial formula
is:
CCT = −449n3 + 3525n2 − 6823.3n+ 5520.33 (B.4)
with n, the inverse line slope, is equal to:
n =
x− xe
y − ye (B.5)
where xe = 0.3320 and ye = 0.1858 are the epicenter coordinates. The maximum
absolute error for color temperatures ranging from 2856 (illuminant A) to 6504 (D65) is
below 2 K.
In 1999 in order to extend the useful range, Javier Hernández-Adrés, Raymond L.Lee
and Javier Romero (HA99), based on the McCamy (McC92; McC93) approximation de-
veloped a new algorithm to calculate the CCT using the same n McCamy parameter:
CCT = A0 + A1exp (−n/t1) + A2exp (−n/t2) + A3exp (−n/t3) (B.6)
They began like McCamy (McC92; McC93) by using only one colorimetric epicenter
but up to 70000 K. Their error become as large as 53 % above 105 K. Then they proposed,
as Xingzhong (Xin87) did, to add a second epicenter. Changing epicenters means changing
the constants Ai and ti in eq. B.6. The constants values are reported in table B.1. The
maximum relative error of eq. B.6 is< 1.74% for a CCT of 4792 K. However it is important
to note that, as Krystek did, these errors are not too signiﬁcant given that uncertainties
in measuring chromaticities are normally around 5%.
The last two methods are the most used in the last years. Today there is not an oﬃcial
and standard method to calculate the CCT. In this thesis the McCamy (McC92; McC93)
and the Hernández-Adrés et al. (HA99) approximations are taken into account.
Valid CCT range (K) Valid CCT range (K)
Constants 3000-50000 50000-8×105
xe 0.3366 0.3356
ye 0.1735 0.1691
A0 -949.86315 36284.48953
A1 6253.80338 0.00228
t1 0.92159 0.7861
A2 28.70599 5.4535×10−36
t2 0.20039 0.01543
A3 0.00004
t3 0.07125
Table B.1: Epicenter coordinates and constants for eq. B.6.
Appendix C
Laser cavity design
For CW lasers and for pulsed lasers near threshold the intracavity intensity is a weak
function of z. In this condition, for an ideal four level laser, the relation between the
output power (Pout) and the input power (Pin) is approximated as linear (Sha08):
Pout = ηS[Pin − Pthr] (C.1)
This equation at the minimum root square of the pump radius can be expressed as
function of the geometrical cavity and the active medium properties. A more complete
and detailed description can be fount in Ref. I report here only the obtained relationship:
Pout =
TηP
Γ
ω20l(ω
2
0l + 4βg(Labs))
(ω20l + 2βg((Labs))
2
×[Pin − piΓIsat
2ηP
(ω20l + 2βg(Labs)]. (C.2)
ω0l is the laser spot radius at the waist, Isat = hνLτσe is the saturation intensity, β =M
2λP/npiα
is the pump beam quality, α is the absorption coeﬃcient of the active medium at the pump
wavelength, and g(Li) can to be written as:
g(Li) =
2
√
1− exp(Labs)( Labs
exp(Labs)− 1) (C.3)
where Labs = αl with l the active medium length.
The maximum output power ca be obtained by using the following condition:
∂Pout
∂ω0l
. (C.4)
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This equation yields the optimum laser waist:
ω0l,opt =
2
√
2βg(Labs)[h+(χ, β, Labs)− h−(χ, β, Labs)], (C.5)
where
h±(χ, β, Labs) = [
2
√
3 2
√
27(χ\2βg(Labs)2) + 1
9
± χ
2βg(Labs)
]1/3 (C.6)
and
χ =
Pin
piΓIsat/2ηP
. (C.7)
The eq. C.2 can be used to design the laser resonator.
Introducing the normalized output eﬃciency σout = (PoutPin )(
TτP
Γ
) as a function of Labs,
it can be seen that the maximum output eﬃciency decreases with increasing Labs when
the available input power is not suﬃciently large and for poor beam quality. For poorer
pump-beam quality the maximum eﬃciency depends on the input power. This is due to
the fact that the spatial variation of the pump beam is correlated to its beam quality
(Sha08).
l
l
z
Figure C.1: Typical setup of an end-pumped solid state laser.
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